Vol. 97, No. 4, pp. 545-750 by Journal of Parasitology,
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
Journal of Parasitology Archives Parasitology, Harold W. Manter Laboratory of
7-2011
Vol. 97, No. 4, pp. 545-750
Journal of Parasitology
Follow this and additional works at: http://digitalcommons.unl.edu/jrnlparasitology
This Article is brought to you for free and open access by the Parasitology, Harold W. Manter Laboratory of at DigitalCommons@University of
Nebraska - Lincoln. It has been accepted for inclusion in Journal of Parasitology Archives by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.
Journal of Parasitology, "Vol. 97, No. 4, pp. 545-750" (2011). Journal of Parasitology Archives. 764.
http://digitalcommons.unl.edu/jrnlparasitology/764

THE JOURNAL OF PARASITOLOGY 
The Journal of Parasitology (ISSN 0022-3395) is published bimonthly by the American Society of Parasitologists, 810 East 10th 
Street, Lawrence, Kansas 66044. The Journal is both the official organ of the American Society of Parasitologists and a medium for 
publication of research primarily on animal parasitology. Periodicals postage paid at Lawrence, Kansas. POSTMASTER: Send ad-
dress changes to The American Society of Parasitologists, 810 East 10th Street, Lawrence, Kansas 66044. 
POLICY AND GUIDELINES FOR AUTHORS 
(including online submission and review) 
ARE ONLINE AT: www.journalofparasitology.org 
Prospective authors must study and use the Policy and Guidelines for Authors, and consult a current issue of the Journal for 
details of style and format. Manuscripts not prepared according to the Policy and Guidelines for Authors will be returned without 
processing. Manuscripts are received with the understanding that the research reported was conducted within the animal care and 
use policy of the American Society of Parasitologists (see Policy and Guidelines for Authors) and according to applicable national 
laws. It is further understood that authors accept responsibility to meet page charges (presently $45/printed page in excess of 3 for 
members and $75/printed page in excess of 3 for nonmembers). Manuscripts accepted are subject to editing by the Editor and by 
the Press. Reprints of the Policy and Guidelines for Authors are available from the Editor. 
Send manuscripts or queries to: 
Dr. Gerald W. Esch, Editor 
Journal of Parasitology 
Department of Biology 
Wake Forest University 
P.O. Box 7629 
Winston-Salem, NC 27109 
U.S.A. 
If sent by courier: 
Dr. Gerald W. Esch, Editor 
Department of Biology 
Wake Forest University 
Winston Hall, Room 226 
1834 Wake Forest Road 
Winston-Salem, NC 27106 
U.S.A. 
EDITORIAL OFFICE: Telephone (336) 758-4487; Fax: (336) 758-6008; Email: esch®Wfu.edu 
SOCIETY MEMBERSHIP: A year's subscription to the Journal is included in the annual dues of $85.00 (students $20.00 online; 
$35.00 print copy; $50.00 online and print copy). Applications for membership to the Society can be obtained from: Dennis J. 
Minchella, Purdue University, Department of Biological Sciences, West Lafayette, Indiana 47907-2054; Telephone: (765) 494-8188; 
Fax: (765) 494-0876; Email: dennism@purdue.edu. Applications are also available online at: http://asp.unl.edu 
INSTITUTIONAL SUBSCRIPTIONS: Subscription price of the Journal is $388.00 online only inside US; $412.00 combined online 
and print copy inside US; $444.00 online and international print copy. 
Claims for copies lost in the mail must be received within 90 days (180 days foreign) of the issue date to insure replacement at 
no charge. Single issue price for the current volume is $35.00. Send orders to: American Society of Parasitologists, 810 East 10th 
Street, Lawrence, Kansas 66044. Send inquiries on BACK ISSUES to the same address. 
AMERICAN SOCIETY OF PARASITOLOGISTS 2011-2012 
OFFICERS AND COUNCIL MEMBERS 
President: ARMAND M. KURIS 
President-elect: ERIC S. LOKER 
Vice-president: JOHN JANOVY 
Immediate Past President: JANINE N. CAIRA 
Secretary-Treasurer: DENNIS J. MINCHELLA 
Editor, Journal: GERALD W. ESCH 
Editor, Newsletter: SCOTT GARDNER 
Program Officers: HERMAN EURE AND KELL! SAPP 
Meeting Site Coordinator: DONALD W. DUSZYNSKI 
Archivist: MARy HANSON PRITCHARD 
COUNCIL MEMBERS-AT-LARGE 
MIKE BARGER (2008-2012) 
JOHN RAWDON (2010-2014) 
KYM JACOBSON (2010-2014) 
KIRSTEN JENSEN (2008-2012) 
ROBIN OVERSTREET (2011-2015) 
MARK SIDDALL (2009-2013) 
SCOTT SNYDER (2009-2013) 
TIMOTHY YOSHINO (2011-2015) 
KYLE LUTH (STUDENT MEMBER) 
NONVOTING REPRESENTATIVES TO COUNCIL 
Annual Midwestern Conference of Parasitologists: 
DOUGLAS WOODMANSEE 
Helminthological Society of Washington: SHERMAN HENDRIX 
New England Association of Parasitologists: JON VERMEIRE 
Northern California Parasitologists: PAUL CROSBIE 
Parasitology Section of the Canadian Society of 
Zoologists: BERNADETTE ARDELL! 
Rocky Mountain Conference of Parasitologists: 
RON HATHAWAY 
Southeastern Society of Parasitologists: SHARON PATTON 
Southern California Society of Parasitologists: 
MAE NIKAIDO 
Southwestern Association of Parasitologists: 
TAMARAJ.COOK 
© American Society of Parasitologists 2011 
PRINTED IN U.S.A. 
ALLEN PRESS, INC., LAWRENCE, KANSAS 
@l This paper meets the requirements of ANSl/NlSO Z39.48·1992 (Permanence of Paper). 
J. Parasitol .• 97(4). 2011. pp. 545-554 
© American Society of Parasitologists 2011 
POPULATION STRUCTURE OF THREE SPECIES OF ANISAKIS NEMATODES RECOVERED 
FROM PACIFIC SARDINES (SARDINOPS SAGAX) DISTRIBUTED THROUGHOUT THE 
CALIFORNIA CURRENT SYSTEM 
Rebecca E. Baldwin*, Mary Beth Rew, Mattias L. Johanssont, Michael A. Bankst, and Kym C. Jacobson:t 
Cooperative Institute for Marine Resources Studies, Hatfield Marine Science Center, Oregon State University, Newport, Oregon 97365. 
e-mail: rebaldwi@ualberta.ca 
ABSTRACT: Members of the Anisakidae are known to infect over 200 pelagic fish species and have been frequently used as biological 
tags to identify fish populations. Despite information on the global distribution of Anisakis species, there is little information on the 
genetic diversity and population structure of this genus, which could be useful in assessing the stock structure of their fish hosts. From 
2005 through 2008, 148 larval anisakids were recovered from Pacific sardine (Sardinops sagax) in the California Current upwelling zone 
and were genetically sequenced. Sardines were captured off Vancouver Island, British Columbia in the north to San Diego, California 
in the south. Three species, Anisakis pegreffii, Anisakis simplex 'C', and Anisakis simplex s.s., were identified with the use of sequences 
from the internal transcribed spacers (ITS! and ITS2) and the 5.8s subunit of the nuclear ribosomal DNA. The degree of nematode 
population structure was assessed with the use of the cytochrome c oxidase 2 (cox2) mitochondrial DNA gene. All 3 Anisakis species 
were distributed throughout the study region from 32°N to 50 0 N latitude. There was no association between sardine length and either 
nematode infection intensity or Anisakis species recovered. Larval Anisakis species and mitochondrial haplotype distributions from 
both parsimony networks and analyses of molecular variance revealed a panmictic distribution of these parasites, which infect sardines 
throughout the California Current ecosystem. Panmictic distribution of the larval Anisakis spp. populations may be a result of the 
presumed migratory pathways of the intermediate host (the Pacific sardine), moving into the northern portion of the California 
Current in summer and returning to the southern portion to overwinter and spawn in spring. However, the wider geographic range of 
paratenic (large piscine predators), and final hosts (cetaceans) can also explain the observed distribution pattern. As a result, the 
recovery of 3 Anisakis species and a panmictic distribution of their haplotypes could not be used to confirm or deny the presence of 
population subdivision of Pacific sardines in the California Current system. 
Anisakid nematodes are known to infect more than 200 species 
of pelagic fish (Cross et aI., 2007), and have been used as 
biological tags for fish population structure studies (see review by 
MacKenzie, 2002). These nematodes use euphausiids as their 
obligate first intermediate host, fish or squid as second 
intermediate or paratenic (transport hosts where no development 
occurs), and cetaceans as definitive hosts (Oshima, 1972; Smith 
and Wooten, 1978). With the availability of molecular markers, 
morphologically similar larvae of Anisakis species recovered 
globally have been separated into 9 genetically distinct species 
comprising 2 clades (Mattiucci et aI., 2009). Despite the growing 
information on the global distribution of Anisakis species (see 
review by Mattiucci and Nascetti, 2008; Klimpel et aI., 2010), 
there is little information on the genetic diversity and population 
structure of these nematodes, which could be useful in assessing 
the stock structure of their fish hosts. 
In the marine environment, there are few obvious physical 
barriers limiting gene flow between fish populations. Neverthe-
less, some fish species have been designated as distinctively and 
geographically separated stocks or subpopulations based on 
genetic identification of Anisakis species. For example, separate 
stocks of the European hake (Merluccius merluccius) were 
identified within the Mediterranean Sea and Atlantic Ocean 
based on the distribution of 7 species of Anisakis identified with 
the use of allozymes (Mattiucci et aI., 2004). More recently, 
parasite community analysis (MacKenzie et aI., 2008) and 
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allozyme data from 5 Anisakis species (Mattiucci et aI., 2008) 
were used to identify separate stocks of the Atlantic horse 
mackerel (Trachurus trachurus) within the Atlantic Ocean 
(western and southern) and North Sea. Atlantic horse mackerel 
were further separated into 3 different stocks within the 
Mediterranean Sea, with parasite data indicating the potential 
of fish exchange between the Atlantic southern stock and the west 
Mediterranean stock (Abaunza et aI., 2008). In addition, Cross et 
aI. (2007) suggested that Anisakis simplex s.s. may be a suitable 
biological tag for Atlantic herring (Clupea harengus), because this 
nematode species can be recovered throughout the year. 
The Pacific sardine (Sardinops sagax) is an economically and 
ecologically important forage fish that transfers energy resources 
from planktonic primary producers and secondary consumers to 
upper trophic predators (Cury et aI., 2000). In the California 
Current, Pacific sardines are currently managed as 3 stocks: (1) 
Central California Offshore, (2) Baja California Sur Inshore, and 
(3) the Gulf of California (Smith, 2005). Pacific sardine allozyme 
(Hedgecock et aI., 1989) and mitochondrial DNA (mtDNA) data 
(Grant et aI., 1998; Lecomte et aI., 2004) suggest a panmictic 
population with a shallow genetic structure; however, there is 
some evidence of more than 1 subpopulation within the Central 
California Offshore management unit based on the recovery of 
larger individuals at higher latitudes (Clark and Janssen, 1945; 
Hill, 1999; Emmett et aI., 2005; McFarlane et aI., 2005) and a 
temporal difference in sardine spawning off the Pacific Northwest 
(PNW) versus southern California (Emmett et aI., 2005; Smith, 
2005). Furthermore, the potential for subpopulations with 
connectivity poses questions to the long-standing paradigm of 
an annual migration of individuals to feeding grounds off the 
Pacific northwest in the summer with migrants returning to 
southern California in the fall to spawn the following spring 
(Clark, 1935). This accepted coastwide migration pattern was 
described with mark-recapture tagging studies prior to the fishery 
collapse in the 1940s (Janssen, 1938; Clark and Janssen, 1945). It 
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is unclear if this exact pattern of migration has been reestablished 
since the return of Pacific sardines to Pacific northwest in the 
1990s, or if there are some sardine subpopulations along the West 
Coast with limited latitudinal migrations. The main goals of our 
study were to identify which Anisakis species infect Pacific sardine 
in the California Current, examine the genetic diversity and 
population structure of nematodes collected from sardines 
sampled off of Vancouver Island, British Columbia to San Diego, 
California, and assess the potential of using Anisakis species as a 
biological tag to help discriminate stocks of Pacific sardine. 
MATERIALS AND METHODS 
From 2005 through 2008, Pacific sardines (n = 1,339) were 
opportunistically recovered in the California Current (Table I) between 
32° and 50 oN latitude, and 119° to 128°W longitude (Fig. I). We divided 
the study area into 5 geographic regions: (I) Vancouver Island, British 
Columbia (part ofPNW); (2) Washington and Oregon (part ofPNW); (3) 
northern California; (4) central California; and (5) southern California. 
Sardines from Canadian waters were caught with the use of a modified 
Cantrawl 240 rope trawl (Cantrawl Nets Ltd., Richmond, British 
Columbia; see Morris et ai., 2009, for details), and sardines from 
Washington to California were caught with the use of a 30-m-wide by 
20-m-deep mouth-opening 264 rope trawl (Nor'Eastern Trawl Systems, 
Inc. Bainbridge Island, Washington; see Baldwin et ai., 2008, for details). 
One tow of the net equaled I trawling event. Captured Pacific sardines 
were immediately frozen onboard and stored in the lab at -80 C until 
being processed for parasites. After being thawed, each fish was weighed 
to the nearest 0.1 g, and standard length (SL) measured to the nearest 
millimeter. Fresh SL of individual frozen sardine was estimated with the 
use of the following regression: Fresh SL = 2.89 + 1.0286 (frozen and then 
thawed SL) (Lo et ai., 2007). Anisakis spp. nematodes were recovered from 
stomachs, intestines, and body cavities according to standard necropsy 
procedures (Arthur and Albert, 1994). No nematodes were recovered in 
the flesh. A total of 191 anisakid nematodes was collected from these 
sardines and preserved in 95% ethanoi. 
DNA was extracted from nematode tissue with the use of a glass fiber 
plate DNA extraction protocol (Ivanova et ai., 2006). We used the 
polymerase chain reaction (PCR) to amplify a region including the 
internal transcribed spacers (ITS-I, ITS-2) and 5.8S subunit of the nuclear 
ribosomal DNA (rDNA) (hereafter referred to as ITS markers) to identify 
larval Anisakis nematodes to species genetically at 2 diagnostic nucleotide 
sites (Abollo et ai., 2003; Nadler et ai., 2005; Abe, 2008) with the use of the 
forward primer 93 and the reverse primer 94 (Nadler et ai., 2005). All PCR 
reactions had a final volume of 20 IJ.i comprised of 2 III genomic DNA, 
0.25 11M each forward and reverse primer, 0.25 mM deoxynucleoside 
triphosphates (dNTPs), 1.5 mM MgCIz, Ix PCR buffer, and I unit Taq 
DNA polymerase (Promega, Madison, Wisconsin). The temperature and 
cycling parameters included denaturation at 94 C for 2 min, followed by 
30 cycles at 94 C for 30 sec, 53 C for 30 sec, 72 C for 45 sec, followed by 
postamplification extension at 72 C for 10 min. To examine the population 
structure of anisakid nematodes, we amplified the mitochondrial DNA 
(mtDNA) cox2 gene with the forward primer 210 and the reverse primer 
211 (Nadler and Hudspeth, 2000). Modified from Valentini et ai. (2006), 
all PCR reactions had a final volume of 20 III comprised of 2 III genomic 
DNA, 0.3 11M of each forward and reverse primer, 0.4 mM dNTPs, 
2.5 mM MgCIz, I X PCR buffer, and I unit Taq DNA polymerase 
(Promega). The PCR temperature and cycling parameters included 
denaturation at 94 C for 3 min, followed by 34 cycles at 94 C for 30 sec, 
46 C for I min, 72 C for I min and 30 sec, and postamplification extension 
at 72 C for 10 min. All ITS and cox2 PCR products were cleaned for direct 
nucleotide sequencing with the use of an ExoSap-IT clean-up protocol 
(GE Healthcare, Piscataway, New Jersey). Cycle sequencing was 
conducted with the use of ABI-PRISM Big Dye terminator cycle 
sequencing kit v3.1 (Applied Biosystems, Foster City, California), and 
DNA sequences were cleaned with a Sephadex protocol (GE Healthcare). 
Sequences were analyzed with an ABI 3730xl DNA automated sequencer 
(Applied Biosystems). DNA sequences were edited using BioEdit 7.0.1 
(Hall, 1999) and aligned with ClustalW (Thompson et ai., 1994) following 
the default parameters. For each nematode species, all unique sequences 
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FIGURE I. Geographic location of stations (solid circles) where Pacific 
sardine (Sardinops sagax) were caught in 5 regions of the California 
Current, and the relative proportions of the Anisakis species are indicated 
for each region (pie charts: solid white, Anisakis pegreffii; solid black, 
Anisakis simplex 'C'; gray dotted, Anisakis simplex s.s.). For each region, 
the number of Anisakis nematodes was included. Region I: off Vancouver 
Island, British Columbia (n = 19), Region 2: Washington and Oregon 
(n = 55), Region 3: Northern California (n = 32), Region 4: Central 
California (n = 13), and Region 5: Southern California (n = 29). The 200-
m isobath is depicted by the solid black line oriented approximately north 
to south, west of the provincial and state coastlines. 
were deposited into GenBank under the following accession numbers: 
Anisakis simplex s.s. (JF423200-JF423247), Anisakis pegreffii (JF423248-
JF423280), and Anisakis simplex 'C' (JF423281-JF423297). 
Data analysis 
Estimated sardine standard lengths (SL, in millimeters) among regions 
were not normally distributed (Kolmogorov-Smirnov test, P value 0.001), 
and variances were uneven among regions (Levene's test, P-value = 0.002; 
SPSS PASW Statistics 18). Thus for each year, Mann-Whitney U-tests 
were used to compare estimated sardine SL of uninfected and infected 
sardine between regions and between near-shore and offshore samples. 
Fish collected east of the 200-m isobath (approximating the continental 
shelf break) were classified as inshore samples, and fish collected west of 
this line were considered offshore samples (Fig. I). A Mann-Whitney U-
test was also used to examine parasite species abundance between regions 
for fish caught near shore versus offshore. We tested whether there was an 
effect of host size on parasite accumulation for each nematode species with 
the use of Spearman's correlations (Ambrose and Ambrose, 1987). All 
Mann-Whitney U-tests and Spearman's correlations were calculated in 
StatvieW® (SAS, 1998). For each geographic region designated in the 
California Current, we calculated prevalence and intensity for each 
Anisakis species according to Bush et ai. (1997). 
For each nematode species we used DNAsp (v.5.00.07) (Librado and 
Rozas, 2009) to calculate standard statistics: (1) haplotype diversity (h), 
BALDWIN ET AL.-POPULATION STRUCTURE OF ANISAKIS NEMATODES 547 
TABLE I. Samples of Pacific sardine (Sardinops sagax) collected by year, region and latitude. The estimated mean standard length (SL) and range in 
millimeters (mm) are provided for each fish collection. 
Estimated mean fresh 
Year Location Region* Latitude eN) No. fish SL (range SL) 
2005 Vancouver Island, British Columbia, Canada 48.7 56 185.69 (148.08-256.61) 
Willapa Bay, Washington, USA 2 46.67 86 197.42 (143.28-258.53) 
Columbia River, Oregon, USA 2 46.17 30 254.88 (241.24-279.66) 
Santa Cruz, California, USA 4 36.98 50 171.63 (106.78-198.98) 
Point Arguello, California, USA 4 34.54 50 172.63 (147.12-196.10) 
2006 Vancouver Island, British Columbia, Canada I 50.58 45 223.88 (194.21-285.76) 
Willapa Bay, Washington, USA 2 46.67 89 202.16 (156.15-265.18) 
Columbia River, Oregon, USA 2 46.17 46 213.28 (192.15-268.27) 
Newport, Oregon, USA 2 44.67 39 185.24 (100.61-213.75) 
Point Delgada, California, USA 3 40.24 50 205.11 (184.58-247.00) 
Manchester, California, USA 3 39.12 68 196.95 (120.23-260.45) 
Point Arguello, California, USA 4 35.29 48 181.40 (163.35-200.38) 
San Nicolas Island, California, USA 5 33.2 48 174.45 (157.18-204.50) 
East of San Nicolas Island, California, USA 5 32.97 26 191.52 (158.21-206.55) 
2007 Willapa Bay, Washington, USA 2 46.67 92 220.16 (179.81-276.50) 
Astoria, Oregon, USA 2 46.04 21 220.56 (207.58-255.93) 
Columbia River, Oregon, USA 2 46.17 102 203.66 (189.07-217.87) 
Cape Blanco, Oregon, USA 2 43 3 211.70 (142.78-247.70) 
Chetco River, California, USA 3 42 10 217.87 (209.64-229.18) 
Patrick's PointlK1amath River, California, USA 3 41.21 32 205.43 (190.10-219.93) 
Point Delgada, California, USA 3 40 23 199.89 (189.07-207.58) 
Point ArenaIPoint Reyes, California, USA 3 38.29 95 195.57 (170.55-212.72) 
Golden Gate Inner, California, USA 4 37.48 1 183.92 
Salmon Cone, California, USA 4 35.8 39 209.74 (185.98-267.24) 
Point Arguello, California, USA 4 35.37 45 207.95 (120.15-235.35) 
San Nicolas Island, California, USA 5 33.28 45 178.80 (161.29-205.52) 
2008 Ventura, California, USA 5 34.28 50 208.30 (193.18-264.15) 
San Diego, California, USA 5 32.48 50 222.26 (207.00-257.00) 
Total 1,339 
• Region I = Vancouver Island, British Columbia; Region 2 = Washington and Oregon; Region 3 = northern California; Region 4 = central California; and Region 5 = 
southern California. 
the proportion of unique haplotypes recovered; (2) the number of 
polymorphic sites; (3) nucleotide diversity (1t), the species-wide average 
number of nucleotide differences per site between 2 sequences; and (4) 
Tajima's D (Tajima, 1989) to test for evidence of selection or demographic 
processes among all molecular mutations. The number of unique 
haplotypes and mean pairwise differences among cox2 sequences within 
and among species were determined with the use of Arlequin 3.1 (Excoffier 
et aI., 1992). With the use of an analysis of molecular variance (AMOVA) 
for each Anisakis species, genetic variation was partitioned into variance 
components (within, and among, variation by either year or region), and 
PhisT (ctlST) values (analogous to Fst values) were calculated with the use 
of permutational estimates of significance in Arlequin 3.1 (Excoffier et aI., 
1992). PhisT (ctlST) values have a maximum value of I, where 0 indicates no 
differentiation among sequences from predefined regions and I indicates 
complete differentiation among sequences from predefined regions. The 
program TCS 1.13 (Clement et aI., 2000) was used to create statistical 
parsimony networks of cox2 haplotypes for each Anisakis species by 
region only. 
Parsimony networks were recalculated to assess the regional similarity 
among cox2 sequences from our study and cox2 sequences previously 
deposited in GenBank for A. simplex s.s., A. simplex 'C', and A. pegreffii 
(Table 11). For sequences that were not included in a network at a 95% 
confidence level, we used a maximum of 100 steps to force sequences into 
the network to determine the number of steps from which these sequences 
differed from the main network. An AMOV A was used to compare the 
genetic subdivision between A. simplex s.s. sequences from Pacific sardine 
from the California Current (this study) to A. simplex s.s. recovered off 
Japan from walleye pollock (Theragra chalcogramma) (Quiazon et aI., 
2009) and chub mackerel (Scomber japonicus) (Suzuki et aI., 2009). 
RESULTS 
General Pacific sardine information 
A total of 1,339 sardines were processed during this study. These 
sardines had an estimated fresh standard length (SL) ranging from 
100.61 to 285.76mm (Table I). The 809 fish caught near shore were 
larger (mean 205.31 ± 21.76 mm, with a mean rank of 747.84) than 
the 530 fish caught offshore (mean 193.23 ± 21.54 mm, with a 
mean rank of 551.18; z value = -9.10, P-value < 0.0001). Except 
for 1 sardine off Newport, Oregon (estimated SL = 100.61 mm), 
the smallest sardines were recovered in 2005 from region 4 (Central 
California; minimum estimated SL = 106.78 mm), and the largest 
were caught in 2006 from region 1 (Vancouver Island, British 
Columbia; maximum estimated SL = 285.76 mm). 
A total of 9.1 % of sampled sardines was infected with anisakid 
nematodes. There was no difference in estimated SL for infected 
fish caught near shore versus offshore when all years were 
combined (z value = -0.92, P = 0.36) or for each year (2006: z 
value = -0.84, P = 0.40; 2007: z value = -0.82, P = 0.41). No 
near shore versus offshore comparison could be made for 2005 
(sampled only near shore) or 2008 (sampled only offshore). 
Regionally, infected fish were smaller in region 1 (Vancouver 
Island, British Columbia; 198.02 ± 9.50 mm, mean rank = 2.25) 
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TABLE II. GenBank cox2 sequences available for 3 species of Anisakis nematodes, The unique worm numbers designated by Valentini et al. (2006) are 
provided for those sequences with the same accession number. 
GenBank accession no. Unique worm no. Host species 
Anisakis pegreffii 
DQI16432 AEOI Delphinus delphis 
DQI16432 AE02 D. delphis 
EU933994 Seriola dumerili 
AB517565 Scomber japonicus 
AB517564 S. japonicus 
AB517563 S. japonicus 
AB517562 S. japonicus 
AB517561 S. japonicus 
EU560911 Theragra chalcogramma 
EU560907 T chalcogramma 
A. simplex s.s. 
AJ132189 Unknown 
AY994157 or NC_007934 Conger myriaster 
AB517570 S. japonicus 
AB517569 S. japonicus 
AB517568 S. japonicus 
AB517567 S. japonicus 
AB517566 S. japonicus 
AB517560 S. japonicus 
DQI16426 AS09 Phocoena phocoena 
DQII6426 AS 10 P. phocoena 
DQ1l6426 ASII Pseudorca crassidens 
DQ1l6426 ASI2 P. crassidens 
DQI16426 AS 13 P. crassidens 
DQI16426 ASI4 P. crassidens 
Anisakis simplex 'C' 
AF I 79905 Unknown 
AFI79906 P. crassidens 
DQI16429 AC02 P. crassidens 
DQI16429 AC07 P. crassidens 
DQI16429 ACIO Lissodelphis borealis 
than in region 2 (Washington and Oregon, 248.60 ± 20.77 mm; z 
value = -2.01, P = 0.04; mean rank = 10.41) in 2005. However, 
in 2006 infected fish were larger in region 1 than region 2 (z value 
= - 3,63, P = 0.0003; region 1 mean rank = 28,29; region 2 mean 
rank = 14.74), and region 3 (northern California) (z value = 
-3.29, P = 0.001, region 1 mean rank = 20.12, region 3 mean 
rank = 9.46). In 2007, infected fish from region 3 were smaller 
than infected fish in region 2 (z value = -l.93, P = 0.05; region 2 
mean rank = 14.58; region 3 mean rank = 2l.20). No comparison 
between regions was possible for 2008 because all fish used in this 
study from that year were caught in region 5 (southern 
California). There were no correlations between the estimated 
fresh SL of infected fish and intensity of any Anisakis species for 
any region (Rho = -0.59-0.50, P = 0.10-0.90) or by year (Rho = 
-0.0l1-O.51, P = 0.06-0.96). 
Anisakis species recovery and genetics summary 
Nematode intensity ranged from 1 to 4 worms per host, with 
most infected fish harboring a single worm (94 of 122 fish). All 
nematodes were recovered from the body cavity. Of the 191 
nematodes collected from 5 geographic regions, DNA was 
Common name Geographic location 
Common dolphin Spanish Atlantic coast 
Common dolphin Spanish Atlantic coast 
Greater Amberjack China 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Alaska pollock Iwate Prefecture, Japan 
Alaska pollock Iwate Prefecture, Japan 
Unknown Unknown 
Conger eel Korea 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Chub mackerel Tokyo, Japan 
Harbor porpoise Vancouver Island, British Columbia 
Harbor porpoise Vancouver Island, British Columbia 
False killer whale Canadian coast 
False killer whale Canadian coast 
False killer whale Canadian coast 
False killer whale Canadian coast 
Pacific coast rockfish Californian coast 
False killer whale Vancouver Island, British Columbia 
False killer whale Vancouver Island, British Columbia 
False killer whale Vancouver Island, British Columbia 
Northern right whale dolphin Californian coast 
obtained from 148 nematodes. To identify to species, we used 
an 848-base pair (bp) portion of ITS rDNA, which spanned 2 
diagnostic sites. Three genetically distinct species from the 
Anisakis simplex complex, i.e., A. pegreffii (n = 76), A. simplex 
s.s. (n = 51), and A. simplex 'C' (n = 21, Table III, Fig. 1) were 
recovered in single- and mixed-species infections throughout the 
study area. Nine fish (7.3%) were infected with more than 1 
species of Anisakis. Six of these fish were caught in regions 4 and 5 
(California), 2 in region 2 (Columbia River, Oregon), and 1 in 
region 1 (Vancouver Island, British Columbia). Two sardines 
caught in regions 4 and 5 (California) were infected with all 3 
Anisakis species. 
The population structure of each species of the Anisakis simplex 
complex was assessed with the use of a 524-bp portion of the cox2 
mtDNA gene (Table III). Shared haplotypes were observed for all 
3 nematode species: (1) A. pegreffii (n = 10), (2) A. simplex s.s. (n 
= 3), and (3) A. simplex 'C' (n = 2). However, more shared 
haplotypes may become evident with increased sample sizes for 
each Anisakis species. Anisakis simplex s.s. had the most unique 
haplotypes (n = 48), followed by A. pegreffii (n = 33) and A. 
simplex 'C' (n = 17) (Table III, Fig. 2A-C). Among the 3 
Anisakis species, haplotype diversity ranged from 0.942 to 0.998, 
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TABLE III. Summary information of the genetic variability among 524 nucleotide sites of cox2 mitochondrial DNA for 3 Anisakis species. 
No. 
No. of No. shared No. unique polymorphic Tajima's D 
sequences haplotypes haplotypes h diversity Il diversity sites Tajima's D P value 
Anisakis pegreffii 76 10 33 0.942 0.014 40 -0.321 0.47 
Anisakis simplex s.s. 51 3 48 0.998 0.018 79 -1.61 0.03 
Anisakis simplex 'C' 21 2 17 0.967 0.007 23 -1.718 0.03 
with a total of98 unique sequences recovered from 148 individual 
worms. Nucleotide diversity ranged from 0.007 to 0.018, and the 
number of polymorphic sites ranged from 23 to 79. All 3 Anisakis 
species had negative Tajima's D values, but these values were 
significant only for A. simplex s.s. and A. simplex 'C' (Table III). 
The mean pairwise sequence differences within species were 0.70% 
• A) Anisakis pegreffii 
< 
\ 
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4. 
(A. simplex 'C'), 1.4% (A. simplex s.s.), and 1.8% (A. pegreffii). 
Corrected mean pairwise differences among the 3 species were 
higher than within each species, i.e., 3.1 % (A. pegreffii vs. A. 
simplex s.s.), 4.7% (A. pegreffii vs. A. simplex 'C'), and 5.4%. (A. 
simplex s.s. vs. A. simplex 'C'), providing further evidence that 3 
separate Anisakis species were recovered. 
D) Anisakis pegreffii 
E) Anisakis simp/ex s.s. F) Anisakis simp/ex 'C' 
r ·· .. ·) 
................ .... ~ ...... 
) 
~ ................. ... 
FIGURE 2. Regions in the California Current System where 3 species of Anisakis nematodes were recovered from Pacific sardine (Sardinops sagax): 
off Vancouver Island, British Columbia (blue), Washington and Oregon (green), northern California (maroon), central California (purple), and southern 
California (yellow). In total, 29 GenBank cox2 mitochondrial DNA sequences (white) that are described in Table III were compared to our cox2 data. 
Statistical parsimony networks of our cox2 mitochondrial DNA sequences for each Anisakis species either without GenBank sequences: (A) Anisakis 
pegreffii, (B) Anisakis simplex S.s., (C) Anisakis simplex 'C'; or with GenBank sequences: (D) A. pegreffii, (E) A. simplex s.s., and (F) A. simplex 'C'. Each 
connection is a single base difference; solid black circles are inferred haplotypes, and colored circles are observed haplotypes. The colored circles indicate 
the geographic region where each haplotype was collected. The number of worms with identical sequences is represented by the size of the colored circles. 
Unless indicated by a number inside or next to the circle, each haplotype represents an individual nematode. Homoplasies among the sequences are 
indicated by reticulations within the networks. 
550 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.4, AUGUST 2011 
TABLE IV. Analyses of molecular variance (AMOV A) results for cox2 mitochondrial DNA sequences from 3 Anisakis species grouped either by year or 
by geographic region: By year (Y), Vancouver Island and Southern California (VI vs. SC); near shore versus offshore (N vs. 0), where offshore includes 
stations west of the 200-m isobath lines indicated in Figure I; Japan versus California Current (J vs. CC) only for Anisakis simplex s.s. The number of 
worms compared per species, region, and year are indicated for each AM OVA test. 
Variance 
AMOVA test Source DF Sum of squares components 
Percentage of 
variation <liST P value 
Anisakis pegreffii 
y 
2005 = 8 
2006 = 25 
2007 = 31 
2008 = 12 
VI vs. SC 
VI = 4 
SC = 14 
Nvs.O 
N = 45 
0=31 
Anisakis simplex 'C' 
y 
2005 = 3 
2006 = 6 
2007 = 6 
2008 = 6 
VI vs. SC 
VI = 3 
SC = 6 
Nvs.O 
N = 10 
0=11 
A. simplex s.s. 
y 
2005 = 7 
2006 = 24 
2007 = 10 
2008 = 10 
VI vs. SC 
VI = 12 
SC = 10 
Nvs.O 
N = 33 
0=18 
J vs. CC 
J = 8 
CC = 51 
Among years 
Within years 
Total 
Among regions 
Within regions 
Total 
Among regions 
Within regions 
Total 
Among years 
Within years 
Total 
Among regions 
Within regions 
Total 
Among regions 
Within regions 
Total 
Among years 
Within years 
Total 
Among regions 
Within regions 
Total 
Among regions 
Within regions 
Total 
Among regions 
Within regions 
Total 
3 
72 
75 
1 
16 
17 
74 
75 
3 
17 
20 
7 
8 
19 
20 
3 
47 
51 
20 
21 
1 
49 
50 
1 
57 
58 
12.99 
262.59 
275.58 
4.44 
48.50 
52.94 
4.99 
270.59 
275.59 
5.38 
29.67 
35.05 
1.44 
13.00 
14.44 
1.59 
33.46 
35.05 
15.37 
222.71 
238.08 
5.49 
81.10 
86.59 
7.47 
230.61 
238.08 
67.11 
296.14 
363.25 
Temporal variation among cox2 sequences was not significant 
when individual worms were compared by collection year 
(Table IV). Geographic separation among cox2 sequences was 
minimal for each Anisakis species when the individual worms were 
compared from the northern and southern ends of the study 
region (Table IV). Genetic variation was associated with differ-
ences within regions, as opposed to differences among regions 
0.04 
3.65 
3.69 
0.23 
3.03 
3.26 
0.04 
3.66 
3.70 
0.01 
1.75 
1.76 
-0.10 
1.86 
1.75 
-0.02 
1.76 
1.74 
0.03 
4.74 
4.77 
0.13 
4.06 
4.19 
0.12 
4.71 
4.82 
4.48 
5.20 
9.67 
1.06 
98.94 
6.97 
93.03 
0.98 
99.02 
0.54 
99.46 
-5.88 
105.88 
-0.92 
100.92 
0.70 
99.30 
3.14 
96.86 
2.46 
97.54 
46.28 
53.72 
0.01 0.26 
0.07 0.24 
0.01 0.21 
0.01 0.42 
-0.06 0.72 
-O.ol 0.52 
0.01 0.30 
0.03 0.20 
0.02 0.10 
0.46 <0.0001 
resulting in non-significant AMOV A <l>ST values ranging from 
-0.06 to 0.07. The remaining regional comparisons that were 
geographically closer were also nonsignificant (data not shown). 
Additionally, <l>ST values (-0.Ql to 0.02) were nonsignificant 
(P values ranged from 0.10 to 0.52) for near shore versus offshore 
nematode sequences compared throughout the study region. 
In contrast, a <l>ST = 0.46 (Table IV) was significantly different 
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(P < 0.0001) with 46.28% of the variance explained by differences 
among regions of A. simplex s.s. from walleye pollock (data from 
Quiazon et ai., 2009) and chub mackerel (data from Suzuki et ai., 
2009) collected off Japan, and Pacific sardine caught in the 
California Current (this study). 
For Anisakis species recovered in the California Current, the 
lack of distinct population structure associated with defined 
geographic regions was also evident in the cox2 parsimony 
networks based on 524 bp of the sequence data (Fig. 2A-C). 
There was no separation by region within the network for 
individual cox2 haplotypes, and shared cox2 haplotypes were 
observed from multiple regions with 95% confidence. An 
additional sequence, A. simplex s.s, from Region 2 was forced 
into the main network by 23 steps (Fig. 2C). A similar pattern was 
observed in the parsimony networks based on 507 bp when 29 
GenBank cox2 sequences of the 3 Anisakis species were compared 
to our sequences (Fig. 2D-F, Table II). Seventeen base pairs were 
removed from our sequences to enable an alignment with the 
GenBank sequences. Eight A. pegrejJii sequences from GenBank 
fit into our network with 95% confidence, 5 of which were 
identical to sequences in our study (Fig. 2D). Only 4 of the 5 A. 
simplex 'C' sequences fit into our network with 95% confidence 
(Fig. 2E). When forced, the remaining A. simplex 'C' sequence 
was 7 steps away from the main network. Ten A. simplex s.s. 
GenBank sequences fit into the network with 95% confidence, 5 
of which were identical to our sequences. An additional sequence 
A. simplex s.s. from our data and 6 A. simplex s.s. GenBank 
sequences were forced into the main network by either 21 or 23 
steps (Fig. 2F). 
DISCUSSION 
We recovered larval A. pegrejJii, A. simplex s.s., and A. simplex 
'C' throughout the California Current in Pacific sardines. 
Analyses of the cox2 haplotypes supported a panmictic distribu-
tion of larval Anisakis species in the California Current for all 3 
Anisakis species. For each, haplotype diversity was high, and 
related haplotypes among each species were distributed through-
out our study area. Nucleotide diversity was low to medium 
compared to other nematode studies (Derycke et ai., 2005; review 
by Hoglund et ai., 2006). This overall pattern of molecular 
variation across a large geographical region was similar to 
previous studies examining mtDNA of A. simplex s.s. infecting 
Atlantic herring (Cross et ai., 2007), and parasitic nematodes 
infecting livestock (Blouin et ai., 1995). 
Population subdivision was described among different river 
basins using AMOV A analyses for parasitic nematodes infecting 
freshwater fish. For example, Mejia-Madrid et ai. (2007) observed 
19.3% variation among 7 river basins in Central Mexico for 
cytochrome c oxidase subunit 1 (COl) sequences of Rhabdochona 
lichtenfelsi. In addition, Wu et ai. (2009) observed 46.6% variation 
among COl sequences of Camal/anus cottis among 3 river basins 
in China, identifying haplotypes unique to the Pearl River 
compared to the Yangtze and Minjiang Rivers. Regional 
differences in our study were only detected by AMOV A when 
sequences of A. simplex s.s. from the California Current were 
compared to A. simplex s.s. sequences collected off Japan 
(Quiazon et ai., 2009; Suzuki et ai., 2009). If different anisakid 
populations are observable in the Pacific Ocean only at the basin 
scale, then it is unlikely the population structure of Pacific 
sardines in the California Current can be determined with the use 
of the recovery or population genetics of Anisakis nematodes. 
Our cox2 data support the hypothesis that host movement 
strongly influences the population structure of parasites (Blouin et 
aI., 1995; Jarne and Theron, 2001; Criscione and Blouin, 2004; 
Criscione et ai., 2005). The Pacific sardines in this study are 
considered part of the Central California Offshore subpopulation 
and thought to be capable of migrating between Vancouver 
Island, British Columbia, and San Diego, California (Dahlgren, 
1936; Hart, 1943; Ahlstrom, 1957; Smith, 2005). In the Anisakis 
spp. nematode life cycle, cetacean definitive hosts likely comprise 
the most mobile hosts, traveling thousands of kilometers during 
their annual migrations, while dispersing nematode eggs. For 
example, humpback whales (Megaptera novaeangliae) are capable 
of traveling latitudinally between Mexico and Alaska (Lagerquist 
et ai., 2008), and longitudinally between Japan and British 
Columbia (Perrin et ai., 2009). With approximately 200 pelagic 
fish species known to be paratenic hosts for Anisakis species 
(Sabater and Sabeter, 2000), opportunities for gene flow between 
geographically distant and potentially distinct populations of 
Anisakis species likely result from both migrating fish species and 
cetacean hosts (Nadler, 1995; Cross et ai., 2007; Mattiucci and 
Nascetti, 2008). All 3 Anisakis species were distributed from 500 N 
to 32°N latitude, a larger geographical area than previously 
reported by Mattiucci and Nascetti (2008). Thus, the panmixia of 
haplotypes found in our study could be a reflection of the 
extensive movement of all of the potential hosts utilized by these 
nematodes. 
Our results suggest that the limited oceanographic barriers and 
complexity in the California Current are not preventing the 
mixing of anisakid species or populations. The major biogeo-
graphic break in the California Current at Point Conception, 
California, does not appear to limit the distribution of highly 
migratory fish or cetacean taxa (Checkley and Barth, 2009) that 
propagate Anisakis species. Further, the hydrography of the 
north-south-oriented California Current is considered less 
complex than the hydrography of the Atlantic Ocean from 
Europe to northwest Africa, where 5 major currents interact 
along a European coastline that alternates between an east-west 
and north-south orientation (Checkley et ai., 2009). The 
phylogeographic breaks located in the Mediterranean Sea 
(Peloponnesian) and the Atlantic-Mediterranean transition zone 
(Gibraltar and Oran-Almeria) (Patarnello et ai., 2007; Sala-
Bozano et aI., 2009) limit the movement of European sardines 
(Sardina pilchardus), as well as other fishes and cetaceans, 
resulting in the recovery of different Anisakis species in the 
Mediterranean Sea and Atlantic Ocean. For example, A. pegrejJii 
was most common in the Mediterranean Sea, and A. simplex s.s. 
was most prevalent in the northeast Atlantic Ocean for both 
European hake (Mattiucci et ai., 2004) and Atlantic horse 
mackerel (Mattiucci et ai., 2008). 
Our observations differ from the disjointed geographical 
recovery of Anisakis species in European hake (Mattiucci et ai., 
2004), Atlantic horse mackerel (Mattiucci et ai., 2008), and 
European sardines. To date, European sardines infected with 
Anisakis spp. have been observed only along the Adriatic coast off 
Italy (Fioravanti et ai., 2006), and off western Portugal (Silva and 
Eiras, 2003). No Anisakis spp. were observed ·in· sardines off 
northwest Spain in Galician waters (Abollo et ai., 2001), southern 
and eastern Spain (Rello et ai., 2008), or off western Africa by 
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Morocco and Mauritania (Kijewska, Dzido, Shukhgalter and 
Rokicki, 2009). Larval Anisakis species in European sardines have 
not yet been genetically identified to species. However, the 
geographic distribution of genetically identified Anisakis in 
European hake (Mattiucci et aI., 2004) and horse mackerel 
(Mattiucci et aI., 2008) suggest that A. simplex s.s. and A. pegreffii 
could infect sardines off Portugal and A. pegreffii, Anisakis typica, 
and Anisakis physeteris could infect sardines off Italy. Once 
Anisakis species from European sardines are genetically identified, 
and a population genetic study is conducted for each Anisakis 
species, it can be determined if the panmictic distribution of the 3 
Anisakis species in Pacific sardine is unique because of the 
hydrography of the California Current. 
In summary, the distribution and population structure of 
Anisakis species throughout the California Current could suggest 
a single population of Pacific sardine. Just as elevated gene flow in 
several marine fish species obscures geographic structuring of 
genetic variation (Waples, 1998), gene flow among marine 
parasites would also connect subpopulations from distant 
geographic locations. For instance Mattiucci et ai. (1997) reported 
high gene flow for Atlantic region populations of A. pegreffii, A. 
simplex s.s., and A. simplex 'C' based on 24 allozymes, and 
Kijewska, Dzido, and Rokicki (2009) suggested a genetic division 
between the Atlantic and Pacific Oceans for individual A. simplex 
s.s. and A. simplex 'C' based on the AT -rich region of mtDNA. 
The diversity and availability of fish and cetacean species that 
undergo extensive migrations along the full length of the 
California Current system may enable large geographically 
distributed population sizes of anisakids. Thus, we cannot 
confirm or deny the existence of Pacific sardine subpopulations 
within the California Current by the distributional patterns of 
Anisakis species. Complex oceanographic conditions and host 
migrations may influence the genetic diversity and population 
structure of Anisakis species along other coastlines. Investigation 
of these influences could clarify whether high genetic diversity and 
connectivity among anisakid populations over large geographical 
distances is a common pattern, or whether hydrography can 
restrict gene flow of a widely dispersed generalist marine parasite. 
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DIFFERENCES IN NATURAL INFECTIONS OF TWO MORTALITY-RELATED TREMATODES 
IN LESSER SCAUP AND AMERICAN COOT 
Kristin K. Herrmann and Robert E. Sorensen' 
Department of Zoology, University of Otago, P.O. Box 56, Dunedin, New Zealand. e-mail: kherrmann13@gmail.com 
ABSTRACT: Populations of North American waterbirds, particularly lesser scaup, have been declining due to habitat disturbance, 
changing food resources, contaminants, bad water quality, and competition, However, epizootic diseases, including parasitism, may 
also play an important role in further decline. Trematode-associated mortality of migrating waterbirds, mainly American coot and 
lesser scaup, has been occurring in the Upper Mississippi River National Wildlife and Fish Refuge since 2002. We examined the levels 
of infective stages of Cyathocotyle bushiensis and Sphaeridiotrema globulus in the invasive, intermediate host snail, Bithynia tentaculata, 
during the fall of 2005 and compared these to infection levels in moribund or dead bird hosts, Our results show different infection levels 
of these 2 parasites in the 2 bird species; C. bushiensis is found more frequently in coot, and S. globulus is more common in scaup, This 
result is interesting because both bird species are presumed to forage on the same snail population and thus should be experiencing the 
same extent of exposure. These differences in infections could be attributed to differences in resources of gastrointestinal tracts of coot 
and scaup, or host resistance. Alternatively, differences in feeding behaviors of coot and scaup may also contribute to differential 
infections of the 2 trematodes. 
Declining populations of waterbirds in North America have 
been a concern for biologists and hunters for some time, especially 
the marked declines in the lesser scaup (Aythya affinis) population 
of the Mississippi Flyway (see Beauchamp et ai., 1996; Austin et 
ai., 2000; Afton and Anderson, 2001; Costanzo and Hindman, 
2007; Moon et ai., 2007; Coluccy et ai., 2008). This decline has 
been attributed to habitat disturbance, limited food resources 
during migration, accumulation of contaminants (Afton and 
Anderson, 2001), poor water quality (Walsh et ai., 2006), and/or 
increased competition with fish (Strand et ai., 2008). However, 
little consideration has been given to epizootic diseases. Since 
2002, 28,000-36,000 migrating waterbirds are estimated to have 
died in Pool 7 of the Upper Mississippi River National Wildlife 
and Fish Refuge (UMR Refuge) during spring and fall migrations 
(C. Gehri, pers, comm.). American coot (Fulica americana) and 
lesser scaup comprise 95% of the die-offs, while they account for 
only 20--25% of the migrating waterbirds that forage at the UMR 
refuge. 
Moribund and dead individuals are found within days after the 
migrating birds arrive at UMR Refuge. Cyathocotyle bushiensis 
(Cyathocotylidae) and Sphaeridiotrema globulus (Psilostomidae) 
are the 2 trematodes most commonly associated with this 
recurrent mortality (Sauer et ai., 2007). Waterbirds become 
infected when they ingest second-intermediate hosts, the invasive 
snail Bithynia tentaculata, containing these parasites. In a river 
system in southern Quebec, Hoeve and Scott (1988) showed that 
sentinel dabbling ducks can ingest lethal levels of C. bushiensis 
and S. globulus from naturally infected snails within 24 hr, and 
they attributed mortality to a synergistic effect between the 
infections of both trematodes. Lethally infected birds are unable 
to fly; as their condition declines, they are unable to dive and 
typically take refuge along the rocky shore of islands until they die 
(K. Herrmann, pers, obs.), Similar observations have been made 
in other studies on these trematodes in North America (Roscoe 
and Huffman, 1982, 1983; Huffman and Roscoe, 1989; Mucha 
and Huffman, 1991). Death of lethally infected birds usually 
occurs within 3 to 10 days (Hoeve and Scott, 1988; Huffman and 
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Roscoe, 1989; Mucha and Huffman, 1991). However, healthy 
birds harvested by hunters have been shown to have significantly 
fewer C. bushiensis and S. globulus than birds dying as a result of 
infections (Hoeve and Scott, 1988). Further, of 9 hunter-shot 
birds we examined from UMR Refuge, 1 contained a single C. 
bushiensis, and the other 8 were free of infection by these 2 
trematodes (Herrmann and Sorensen, pers. obs.). 
Susceptibility of definitive hosts to infection is ultimately 
affected by their rate of exposure to infective stages and innate 
compatibility with a particular parasite species (Scott, 1988). 
Whether a parasite is encountered and the rate at which it is 
encountered by a potential host are influenced by the behavior 
and life-history traits of potential hosts (Hoeve and Scott, 1988), 
spatial overlap of infective stages and hosts (Euzet and Combes, 
1980), and density of host populations and infective stages (Scott, 
1988). Both coot and scaup are more likely to encounter B. 
tentaculata snails infected with C. bushiensis and S. globulus than 
other waterbirds at UMR Refuge because of their preference for 
foraging on molluscs in deep, open-water habitats with emergent 
vegetation, whereas other species of waterbirds prefer other 
invertebrates, vegetation, or shallower habitats (Thompson, 
1973). Once a bird has ingested an infective stage, infection 
success depends upon physiologic/immunologic compatibility 
with the host (Euzet and Combes, 1980; Scott, 1988). 
In the present study, we investigated the abundance of infective 
stages in B. tentaculata snails and the infection levels in bird hosts. 
Since both coot and scaup feed upon the same snail population at 
this site, our null hypothesis was that the 2 species should 
experience the same rate of exposure to metacercariae, and, thus, 
we would expect no difference in levels of infection of either C. 
bushiensis or S. globulus between the 2 bird species. 
MATERIALS AND METHODS 
Pool 7 (Lake Onalaska) is a 30-km2 impoundment in La Crosse County, 
Wisconsin, created from the backwaters of Lock and Dam 7 on the 
Mississippi River (Fig. 1). It is part of the 420-km-long UMR Refuge, 
which is used by almost 300 species of migrating birds of the Mississippi 
Flyway. Migrating waterbirds are present at Pool 7 from mid-March 
through late April and mid-September through late November. The 
average water depth is 1.0--1.3 m. 
Snails were collected on 11 October 2005 around Arrowhead and 
Broken Gun Islands (Fig. 1) at sites established during a previous study 
(Herrmann and Sorensen, 2009). At 15 shore sites, B. tentaculata snails 
were randomly collected by hand from the bottom of rocks until a 
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Pool 7 
FIGURE I. Map of Pool 7 (Lake Onalaska) showing the two study sites, 
Arrowhead and Broken Gun Islands, and collection sites (white dots) 
around each island. Map is based on images from Google Earth ™ 
mapping service. 
maximum number of 30 snails was obtained, or a 30-min search limit was 
reached. Additionally, 3 sites at each island were located 25-100 m from 
shore with a water depth between I and 2 m; snails were collected from the 
bottom substratum using a benthic grab sampler (Petite Ponar, Wildco, 
Buffalo, New York). In total, 415 snails were collected and transported on 
ice to Minnesota State University-Mankato (MSUM), Mankato, Minne-
sota. Snails were stored at 4 C until examined. 
Snail shell length was measured with calipers to the nearest 0.1 mm. 
Snails were individually crushed, and presence and number of mature 
metacercariae (infective stage to birds) were enumerated. Metacercariae of 
C. bushiensis and S. globulus were identified by relative size and 
morphology (Khan, 1962; Gibson et aI., 1972; Lepitzki et aI., 1994). 
Immature metacercariae were distinguished from mature metacercariae by 
the presence of a thin, cyst wall with a translucent center, whereas mature 
metacercariae of C. bushiensis and S. globulus were identified by having a 
thick, translucent cyst wall and a pigmented center (Khan, 1962; Gibson et 
aI., 1972; Lepitzki et aI., 1994), and a slightly thicker cyst wall and mostly 
pigmented center portion (Lepitzki et aI., 1994), respectively. 
Bird carcasses were collected in conjunction with weekly removal efforts 
by U.S. Fish and Wildlife Service staff. Moribund birds that were unable 
to fly or dive were killed by cervical dislocation. Six collections were made 
between 10 October and 18 November 2005; 9 scaup and 9 coot were 
collected from each of the islands, for a total of 18 birds per species. All 
carcasses were either transported on ice or shipped to MSUM and frozen 
until necropsied. Intestinal contents and tissue were examined for 
parasites, and pathology was noted. 
Specimens of metacercariae and adult worms were deposited in the 
Harold W. Manter Laboratory of Parasitology collection (accession no. P-
2010-009) at the University of Nebraska, Lincoln, Nebraska. 
Prevalence and mean abundance (as defined by Bush et aI., 1997) of 
mature metacercariae and adults were quantified. Only mature, and 
therefore infective, metacercariae were considered in the evaluation of 
infections in snail hosts for comparison to infections in definitive bird 
hosts (Khan, 1962; Gibson et aI., 1972; Lepitzki et aI., 1994). Thus, the 
metacercariae data used here represent only a proportion of the total 
metacercariae observed in October. Mean abundance of C. bushiensis was 
divided by mean abundance of S. globulus to determine the relative mean 
abundance ratio of the 2 trematode species for each host. 
No differences were found between sexes, or between islands from 
which the birds were collected, and they were combined for further 
statistical analyses. First-intermediate host snails were removed from 
analyses. Differences in prevalence of C. bushiensis and S. globulus were 
analyzed with G-tests. Differences in mean abundance between site type 
(shore and open water) and between C. bushiensis and S. globulus were 
assessed with Wilcoxon signed ranks tests. G-tests using the ratio of C. 
bushiensis to S. globulus in snails as the expected value and the ratio in 
each bird host as the observed value were used to assess the relative 
infections of the 2 trematodes between snail and bird hosts. Relationships 
between snail shell length and mean abundance were analyzed with a 
Spearman's rank correlation. A statistical significance of P < 0.05 was 
used for all analyses. 
RESULTS 
Mean snail size was 8.0 ± 0.09 mm and ranged from 3.0 to 
11.0 mm. Snail size did not differ between shore and open-water 
sites (Z = -1.55, df = 413, P = 0.12). Mean abundance of mature 
metacercariae of C. bushiensis and S. globulus was positively 
correlated with snail shell length (p = 0.180, P < 0.001 and p = 
0.232, P < 0.001, respectively). 
The proportion of mature metacercariae in snails was 0.27 and 
0.17 of the total metacercariae observed for C. bushiensis and S. 
globulus, respectively (Herrmann and Sorensen, 2009). Both 
prevalence (G = 118.8, df = I, P < 0.001; Table I) and mean 
abundance (Z = -3.52, df = 396, P < 0.001; Table I) values of 
mature C. bushiensis metacercariae were greater than those of S. 
globulus. Mixed infections of mature metacercariae were found in 
40.3% of snails. Mean abundance of mature metacercariae of C. 
bushiensis and S. globulus ranged from 0 to 131 and 0 to 74 per 
snail, respectively. 
All birds were adults. Of the 18 coot, 6 were females, and 12 
were males; for scaup, 8 were females, and 10 were males. 
Prevalence of adult C. bushiensis individuals did not differ from 
prevalence of adult S. globulus individuals in scaup (G = 0.12, df 
= 1, P > 0.05; Table I). However, the prevalence of adult C. 
bushiensis individuals was greater than that of S. globulus 
individuals in coot (G = 18.50, df = 1, P < 0.001). Mixed 
infections of C. bushiensis and S. globulus were found in 16 of 18 
scaup, while only 1 of 18 coot specimens had a mixed infection. 
The single coot infected with S. globulus possessed only 3 worms 
of this species, none of which contained eggs in utero, whereas all 
other birds possessed infections of mature parasites. 
Mean abundance of adult worms did not differ by island in coot 
or in scaup and was, therefore, combined for comparison between 
species. A difference in mean abundance of adult worms between 
trematode species was found in both coot and scaup; however, the 
difference showed opposite trends (Table I). Mean abundance of C. 
bushiensis was greater than S. globulus in coot (Z = - 3.724, df = 17, 
P < 0.001). Conversely, mean abundance of S. globulus was greater 
than C. bushiensis in scaup (Z = -3.74, df = 17, P < 0.001). 
Specimens of C. bushiensis were found in the ceca of all birds 
examined. Ceca of coots were hemorrhagic, with ulcerations and 
whitish caseous plaques, often with a friable core; the rest of the 
intestine of coot was filled with a firm darkened core. Ceca of scaup 
infected with C. bushiensis had ulcerative lesions, but not to the 
extent of those in coot. Sphaeridiotrema globulus individuals were 
located mostly in the jejunum, sometimes spreading throughout the 
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TABLE I. Distribution characteristics of Cyathocotyle bushiensis and Sphaeridiotrema globulus among its populations at UMR Refuge Pool 7; prevalence 
and mean abundance of mature metacercariae in second-intermediate host snails collected on 11 October 2005 and of adult worms in definitive bird 
hosts collected in fall 2005; relative abundance as the ratio of C. bushiensis mean abundance to S. globulus mean abundance in hosts; differences in 
prevalence between trematode species as analyzed with a G-test; and differences in abundance as assessed with a Wilcoxon signed ranks test. 
Snails (n = 415) Coot (n = 18) Scaup (n = 18) 
Prevalence'·· 
Mean abundance ± 
standard error·" Prevalence'·· 
Mean abundance ± 
standard error··* Prevalence 
Mean abundance ± 
standard error"·* 
Cyathocotyle bushiensis 
Sphaeridiotrema globulus 
Relative abundance of 
C. bushiensis to S. globulus 
••• p < 0.001. 
60.2 
53.7 
5.8 ± 0.62 
3.5 ± 0.36 
1.64 
entire small intestine in heavy infections. Small intestines of scaup 
infected with S. globulus were distended, with severe ulcerative 
hemorrhaging. One other adult trematode, an unknown strigeid, 
was observed occasionally, as were acanthocephalans. 
Relative mean abundance of C. bushiensis compared to mean 
abundance of S. globulus in snail hosts was different than in coot 
or scaup hosts (G = 904.48, df = 1, P < 0.001 and G = 920.04, df 
= 1, P < 0.001, respectively; Table I). The ratio of mean 
abundance of mature metacercariae of C. bushiensis to S. globulus 
was 1.64: 1 in snail hosts. In contrast, the ratio of mean abundance 
of adult worms of C. bushiensis to S. globulus was 108:1 in coot 
and 1: 100 in scaup. Relative mean metacercariae abundance of C. 
bushiensis to s. globulus was not correlated with snail shell length 
(p = 0.038, P = 0.58). 
DISCUSSION 
Our data show that C. bushiensis and S. globulus infections in 
coot and scaup are different from relative infections of C. bushiensis 
and S. globulus in snails. Moreover, the change in the relative 
infections was in opposite directions for coot and scaup. 
Presumably, coot and scaup experience a similar rate of exposure 
to metacercariae of C. bushiensis and S. globulus because these 2 
bird species forage in the same area on the same population of snail 
hosts (data not shown). However, this study found that prevalence, 
mean abundance, and lesions caused by the 2 trematodes were 
different between coot and scaup. This conflicts with Hoeve and 
Scott's (1988) hypothesis of a synergistic interaction by these 2 
trematodes in the mortality of dabbling ducks. 
Our results suggest that coot may have low susceptibility to S. 
globulus, since among 18 examined birds, only 1 possessed worms 
of this species. Further, these 3 S. globulus worms were immature 
and thus may have been unable to establish a successful infection 
in a coot host. The presence of immature parasites among 
accidental hosts has been reported previously in many studies. 
For instance, immature specimens have been widely reported 
among several taxa of intestinal fish parasites (Trejo, 1994; Perez-
del Olmo et ai., 2006, 2007; Randhawa et ai., 2007). We 
acknowledge that experimental infections with coot are needed 
to support this hypothesis. Experimental infections with each 
trematode species have been previously conducted with several 
bird species, but not with coot (Hoeve and Scott, 1988; Huffman 
and Roscoe, 1989). 
The opposite trend was found in scaup hosts and possibly 
suggests a lowered compatibility with the other trematode, C. 
100.0 
5.6 
107.3 ± 17.97 
0.2 ± 0.17 
108.0 
88.9 
100.0 
36.6 ± 8.79 
3440.1 ± 582.93 
0.01 
bushiensis. The change in the relative infections of C. bushiensis 
and S. globulus from snail to scaup hosts seems to indicate 
lowered susceptibility to C. bushiensis but greater susceptibility to 
S. globulus. However, we cannot assess whether the lower 
infection levels of C. bushiensis were due to possible incompat-
ibility of physiological/morphological conditions necessary for 
parasite establishment, or the possibility of host resistance. Macy 
et ai. (1968) showed that intestinal emptying time and enzyme 
activity affect establishment of S. globulus in different bird 
species. Since the gastrointestinal tracts of coot and scaup are very 
different, the intestinal emptying time and enzyme activity would 
also be expected to differ. These factors could result in very 
different resources available to parasites and may explain the 
differences found in this study. Alternatively, since acquired 
immunity to both of these trematodes is possible (Macy, 1973; 
Huffman and Roscoe, 1986; Hoeve and Scott, 1988), host 
resistance could also explain the observed patterns. However, 
this explanation is less likely, since the intermediate host snails 
that are necessary for these life cycles are not widely distributed in 
North America, making it unlikely that birds arriving at the 
refuge will have had previous exposure to these trematodes. 
Furthermore, birds arriving at UMR Refuge have low fat reserves 
and use this stopover to replenish those reserves before continuing 
their migration. Therefore, once a dense patch of these snails is 
found upon arrival, birds would be expected to forage intensely, 
leaving little opportunity for their immunity to develop at this site. 
There is the possibility of infection levels differing in snails by 
size (Modey et ai., 2004) or with water depth (Jokela and Lively, 
1995; Koppel, 2009). Coot and scaup most likely. forage intensely 
upon any patch of snails that they encounter; however, even if the 
birds did differ in size-selective predation, we found no relationship 
between snail size and the relative infections of C. bushiensis to S. 
globulus metacercariae. Likewise, coot and scaup may be foraging 
at different depths (Wilson, Hustler et ai., 1992) and consequently 
may be exposed to different concentrations of metacercariae. 
However, no difference in abundance of meta cercariae in snails was 
found between open-water sites at 1.0-2.0 m and shore sites 
(Herrmann and Sorensen, 2009). Further, B. tentaculata are most 
abundant at 1.3-2.0 m (Koppel, 2009), and the average depth of the 
lake is quite shallow (1.0--1.3 m) and within the foraging range for 
species of both these bird genera (Cronan, 1957; Wilson, Wilson, 
and Noldeke, 1992). Therefore, both coot and scaup should be 
capable of feeding on snails at similar depth and encounter the 
same exposure to infections. Further investigations into foraging 
depths and infection patterns by depth are recommended. 
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A concern for the potential spread of theses trematodes is that 
acquired resistance has been shown to be possible after an initial 
exposure to a low dose (Macy, 1973; Huffman and Roscoe, 1986; 
Hoeve and Scott, 1988). Thus, for bird species that preferentially 
feed upon vegetation and may accidentally ingest a sublethal dose, 
development of acquired resistance is possible if they are compatible 
with these parasites. Consequently, the birds may leave Pool 7 with 
a nonlethal infection and be able to deposit parasite eggs elsewhere. 
This becomes especially important as the invasive B. tentaculata 
snails spread up and down the river (Sauer et a!., 2007). 
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SEASONAL DYNAMICS OF SKRJABINOPTERA PHRYNOSOMA (NEMATODA) INFECTION 
IN HORNED LIZARDS FROM THE ALVORD BASIN: TEMPORAL COMPONENTS OF A 
UNIQUE LIFE CYCLE 
K. Claire Hilsinger, Roger A. Anderson*, and Dana Nayducht 
Department of Biology, Georgia Southem University, 69 Georgia Avenue, Statesboro, Georgia 30460. e-mail: dnayduch@georgiasouthern.edu 
ABSTRACT: The nematode Skrjabinoptera phrynosoma is a stomach parasite of horned lizards in the genus Phrynosoma. This nematode 
demonstrates a distinctive life cycle wherein entire gravid females harboring infective eggs exit with lizard feces. Pogonomyrmex spp. 
harvester ants collect these females and feed them to their larvae, which are the only stages of the intermediate host that can become 
infected. We hypothesized that the seasonal dynamics of nematode abundance within lizard hosts would be correlated with the seasonal 
availability of suitable intermediate hosts. To describe seasonal variation of nematode population variables and elucidate the timing of 
critical events in the parasite life cycle, nematodes were collected from both hosts across three collection periods in the ant-and-lizard 
activity season of 2008 in the Alvord Basin of southeastern Oregon. Among 3 collection periods, and across the activity season, 
nematodes were harvested from individual Phrynosoma platyrhinos, and the distribution of developmental categories and body lengths of 
nematodes was analyzed to determine the seasonal change in nematode population composition. Pogonomyrmex spp. ants were collected 
in pit-fall traps and dissected to determine infection prevalence. The abundance of non-gravid female and juvenile nematodes collected 
from lizards' stomachs decreased significantly between the early and late collection period, which was likely a consequence of the 
sequential conversion of these developmental categories to gravid females. The presence of gravid female nematodes peaked in cloacal and 
fecal collections during mid-season. The body lengths of male nematodes increased as the activity season progressed, perhaps due to 
growth, but their abundance remained the same. Smaller juvenile nematodes were present in late-season collections from lizards, possibly 
indicating new acquisitions from infected ants. We propose that once a set population of male nematodes establishes in lizards' stomachs, 
newly acquired juvenile nematodes develop into non-gravid females that mate, become gravid females, and exit the lizard mid-season. We 
additionally suggest that the exit of females may be timed with the peak foraging activity of ant intermediate hosts and access to larval 
ants in the nests. Infection prevalence in the intermediate host was low, with only 1 of 6,000 dissected harvester ants containing a single 
larval nematode. The temporal dynamics of S. phrynosoma populations within P. platyrhinos at this northern locale is most likely driven 
by the seasonal availability of harvester ant intermediate hosts. 
Skrjabinoptera phrynosoma (Spirurida: Physalopterinae) is a 
heteroxenous parasite infecting both horned lizard definitive hosts 
and harvester ant intermediate hosts. The life cycle of this parasite 
was first described in the Texas horned lizard Phrynosoma 
cornu tum (Lee, 1957). Whole gravid females of S, phrynosoma, 
rather than individual eggs, exit with feces of the lizard definitive 
host. The females die on the desert floor, but the eggs in these 
dried females may be viable for up to a year, enhancing the 
probability that they will be collected by foraging harvester ants, 
species of Pogonomyrmex (Lee, 1955). The body of the nematode, 
along with the encapsulated eggs, is fed to larval ants, which are 
the only developmental stage within which the larval nematodes 
can establish (Lee, 1955), As the infected larval ants go through 
metamorphosis, the larval S. phrynosoma molt within the fat body 
in the abdomen of the ant and eventually reach the third larval 
stage, which is infective to the lizard definitive host. The life cycle 
is completed when the horned lizard eats the infected adult 
forager. Although S. phrynosoma has been recovered in surveys of 
several species of horned lizards, and notably in the desert horned 
lizard, Phrynosoma platyrhinos (Grundmann, 1959; Waitz, 1961; 
Haukisalmi et aI., 1996), the infection dynamics of this particular 
host-parasite system have not been studied. 
In the northern arid regions of North America, P. platyrhinos 
and Pogonomyrmex spp. exhibit seasonality in that they are only 
active during the warmer months (~May through September). 
Pogonomyrmex spp. overwinter within the nest and begin 
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foraging outside the nest in spring (MacKay, 1981). Phrynosoma 
platyrhinos hibernate during the winter and begin their breeding 
season shortly after emergence from hibernation in late spring 
(Pianka and Parker, 1975). Additionally, p, platyrhinos ingests 
primarily harvester ants in desert scrub throughout its 1,000 km 
geographic range from southeastern California to southeastern 
Oregon. Because both ant and lizard hosts show seasonal 
fluctuations in their activity and biology (Pianka and Parker, 
1975; Stark et aI., 2005; Wack et aI., 2007), it follows that S. 
phrynosoma would also, albeit passively, be subject to the 
seasonality of its hosts. Nematodes in the northern geographic 
extremes of southeastern Oregon may only have narrow temporal 
windows of opportunity to move between hosts and continue the 
life cycle. We hypothesized that the seasonal population dynamics 
of S. phrynosoma are synchronized with the seasonal behavior of 
its lizard and ant hosts, and we predicted changes in nematode 
populations in the definitive host (such as the development of 
gravid females and the exit of these females in feces) would 
correlate with the seasonal availability of intermediate hosts. 
In 2008, this hypothesis was tested in both hosts in southeastern 
Oregon by: (1) determining abundance, body lengths, and 
developmental categories of S, phrynosoma in P. platyrhinos 
among 3 collection periods across the ant-and-lizard activity 
season; and (2) examining the prevalence of S. phrynosoma in 
Pogonomyrmex spp. ants. Nematodes were recovered from lizards 
by stomach and cloacal flushing and by expressing fecal pellets 
from the cloaca. Abundance, lengths, and developmental 
categories (juveniles, males, and gravid or non-gravid females) 
were compared over the course of 1 activity season (3 collection 
periods from May-August). Harvester ants were caught in pit-fall 
traps and dissected to determine the presence of larval nematodes 
during the same collection periods. 
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MATERIALS AND METHODS 
Study area 
The Alvord Basin (42°18'N, 118°37'W, elevation 1,295 m), in Harney 
County of southeastern Oregon, is at the northern end of the Great Basin 
desert scrub biome (Orr et aI., 1992) southeast of the Steens Mountain 
range. Temperatures show seasonal variation, ranging from an average 
low of -18 C in the depths of winter to an average daily high of 32 C in 
the heat of summer, with an average annual rainfall not exceeding 16.5 cm 
(Western Regional Climate Center [Updated 2007]). This area is home to 
several species of lizard, most commonly the long-nosed leopard lizard 
Gambelia wislizenii, the Great Basin whiptail Aspidoscelis tigris, and 
Phrynosoma platyrhinos. Regional vegetation consists mostly of sagebrush 
and other low shrubs. The 400 x 400-m plot used for this study was 
initially established for ecology field research courses (Western Washing-
ton University), and the diets of P. platyrhinos in mid-summer have been 
studied annually at the site since 1999 by R.A.A. and students. 
Lizard measurements 
Data were collected 3 times throughout the activity season of 
Phrynosoma platyrhinos in 2008, i.e., early (soon after lizards emerged 
from hibernation and food acquisition appeared to be the prevalent lizard 
behavior; 16 May-2 June; n = 13), middle (wherein despite mate seeking 
and courtship by male Phrynosoma platyrhinos and yolk development and 
egg laying by female P. platyrhinos, the lizards continued to produce fecal 
pellets daily; 25 June-IS July; n = IS), and late season (when food 
acquisition again appeared to be the prevalent lizard activity; I-IS 
August; n = 14). Lizards were caught throughout the day by hand within 
or very near the 400 x 400-m plot and were held individually in cloth bags. 
These bags were kept in insulated coolers to maintain stable temperatures; 
fecal pellets were frequently produced by lizards in bags the day after 
capture. Lizards were sexed, weighed (to the nearest 0.1 g), measured 
(snout-vent length in mm [SVL]), and marked for identification with non-
toxic paints to avoid re-sampling during subsequent collection periods. 
Feces were collected to verify that harvester ants were the prevalent 
dietary items of P. platyrhinos. 
Nematode collection 
To retrieve S. phrynosoma from the digestive tract, lizards were stomach-
flushed and cloaca-flushed within 1-5 days after capture. Stomach flushing 
is a gentle and commonly used method for assessing diet in reptiles and 
anurans (Legler and Sullivan, 1979; Pietruszka, 1981; Graczyk et aI., 1996; 
Harr et aI., 2000; Cannon, 2003; Sole et aI., 2005) and was previously used 
by Griffiths et al. (1998) to determine nematode prevalence and intensity in 
frillneck lizards (Chlamydosaurus kingii). In the present study, stomach 
flushing was used to evaluate parasite infection as an alternative to killing 
individuals. The yield of parasites from stomach flushing is similar to the 
numerical range of those in lizards' stomachs, which was corroborated by 
anecdotal evidence of nematode stomach load from necropsies of several P. 
platyrhinos from the same site (data not shown). Lizards were stomach-
flushed with ambient temperature standard Ringer's solution (NaCI, 0.66%; 
KCI, 0.Dl5%; CaCI2, 0.015%; NaHC03, 0.02%). A 5-mm diameter rubber 
cannula, attached to a 10-ml syringe, was gently inserted down the 
esophagus until slight resistance of the pyloric side of the stomach was felt 
(Legler and Sullivan, 1979; Sole et aI., 2005). Ten milliliters of Ringer's 
solution was pumped into the stomach with enough force to push 
nematodes and food particles out through the mouth. This process was 
repeated until the entire food bolus was flushed from the stomach (usually 
2-3 flushes). The bolus of flushed stomach contents (prey and nematodes) 
was placed in a vial marked with the lizard's identification number and 
preserved in -20 ml 75% glycerin alcohol. 
Fecal pellets were expressed by gently palpating the lower gut and 
cloaca on the ventral side of the lizard. Naturally passed fecal pellets were 
also collected from cloth bags that were used to hold lizards while in 
captivity. Nematodes expelled with fecal pellets were preserved in glycerin 
alcohol as above. Cloacal flushing also was used to assess parasite 
infection in the colon and cloaca following the methods of Mader (1996) 
and Cannon (2003). To minimize stress, this procedure was performed 
several hours after lizards' stomachs were flushed. While the lizard was 
under manual restraint, a plastic pipette with a diameter of 4.5 mm was 
introduced into the cloaca and no more than 1 ml of Ringer's solution was 
introduced and aspirated at a time. This procedure was repeated 3 times 
for each lizard. The aspirate was preserved in 20 ml of glycerin alcohol and 
the lizard identification was marked as above. 
Nematode analysis 
Nematodes from stomach and cloacal flushes, and from fecal pellets, 
were counted, measured (mm), and sexed using a stereomicroscope. Sex of 
nematodes was determined by presence of wing-like caudal alae in males 
and a curling of the caudal end in females (Babero and Kay, 1967). 
Females with visible egg packets were considt;red gravid (Lee, 1957). Small 
nematodes that did not have apparent male or female characteristics were 
classified as juveniles. 
Ant collection 
Pit-fall traps were placed on the 400 X 400-m plot near 35-38 nests of 
harvester ants, primarily Pogonomyrmex cali/ornicus, during each of the 3 
collection periods. Traps consisted of plastic cups containing ethylene 
glycol and were placed in the ground flush with the ground's surface, each 
about 20-30 cm NE and SW of the nest opening. Traps were left open for 
up to 7 days and checked daily. Ants were necropsied using a 
stereomicroscope to determine presence of third-stage larval nematodes 
in the gasters (Lee, 1957). Ants were then preserved in 70% ethanol and 
larval nematodes were preserved in glycerin alcohol. 
Statistical analysis 
To determine seasonal changes in nematode abundance, Kruskal-Wallis 
tests were performed to compare the number of nematodes (total and per 
developmental category) recovered from each lizard stomach. A posteriori 
non-parametric Mann-Whitney U-tests were used when comparing 
collection periods because data could not be normalized with transfor-
mations. Bonferoni-adjusted alphas were used to correct for multiplicity. 
The relationships between the abundance of nematodes of each 
developmental category Guvenile, non-gravid female, gravid female, 
pooled female, male) were analyzed among each collection period (early, 
middle, and late). The abundance of nematodes from the stomach of each 
lizard was compared among collection periods using 2-way ANOV As, 
without replication on raw or log-transformed data (individual lizards 
being considered a factor), and non-parametric Friedman's tests on data 
that could not be normalized. A posteriori paired t-tests were performed 
on parametric data, and Wilcoxon signed-ranks tests were performed on 
non-parametric data to compare pairs of nematode developmental 
categories. Bonferoni-adjusted alphas were used to correct for multiplicity. 
To determine seasonal changes in nematode body size, Kruskal-Wallis 
tests were performed on nematode length (per developmental category, 
irrespective of host). A posteriori non-parametric Mann-Whitney U-tests, 
with Bonferoni correction, were used for analyses across collection periods 
because data could not be normalized with transformations. 
To describe nematodes that were in the lower portion of the 
gastrointestinal tract in P. platyrhinos, nematode data from fecal pellet 
collections and cloacal flushes were combined. We collected so few 
nematodes from cloacae and fecal pellets that a Chi-square test was used 
to compare prevalence of infection (presence-absence) between collection 
periods. 
All analyses were performed using the statistical program JMP (version 
7, SAS Institute Inc., Cary, North Carolina) and figures were produced 
using Microsoft® Excel (Microsoft Corporation, Redmond, Washington). 
RESULTS 
Nematode infection in P. platyrhinos 
Lizard hosts: Stomach flushes from 42 lizards were used in this 
study (early collection period, n = 13; middle collection period, 
n = 15; late collection period, n = 14), yielding S. phrynosoma 
from all but 1 lizard. When the nematode variables were analyzed 
between male and female lizards, there was no relationship 
between lizard sex and nematode abundance or length during any 
part of the season (P > 0.12 for all analyses); therefore, stomach-
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FIGURE 1. Distribution of Skrjabinoptera phrynosoma in Phrynosoma platyrhinos stomach flushes among collection periods and across season. Mean 
nematode abundance per lizard stomach is shown for the 3 collection periods (early, middle, and late; see text for details). Letters above bars represent 
significant differences across each collection period. Gray inset boxes show significant differences in abundance among collection periods; developmental 
categories are abbreviated: J = juvenile; M = males; NGF = non-gravid females; GF = gravid females; TotF = total females. Detailed statistical 
analyses are presented in the text. The number of lizard hosts per collection period is: early, n = 13; middle, n = 15; late, n = 14. Error bars are SE. 
flush data from male and female lizards were pooled for the 
remaining statistical analyses. 
Comparative analyses of stomach nematode abundance among 
developmental category: Comparisons of the abundance of 
nematodes in lizard stomachs were made among developmental 
categories of nematode, i.e., juveniles, males, non-gravid, gravid, 
and pooled females, across season, and among collection periods. 
The abundance comparisons are summarized in Figure 1 for all 
but the pooled adult female nematode data (where pooled females 
include both gravid and non-gravid nematodes). Mean abun-
dances ±SE of pooled female nematodes per lizard stomach 
collection periods were: early, 13.8 ± 3.35 (range 2-36); middle, 
11.3 ± 3.68 (range 0-47); and late, 3.1 ± 0.66 (range 1-9). Mean 
nematode abundance per lizard stomach was compared across the 
3 collection periods among each developmental category. Mean 
abundance ±SE of total nematodes per lizard stomach during the 
early collection period were 23.0 ± 4.8 (range 7-54); middle, 18.9 
± 5.34 (range 0-66); and late, 8.7 ± 1.5 (range 2-26). There was a 
significant decrease in mean nematode abundance, per lizard, 
from early to late season. This pattern was driven by a decrease in 
the abundance of non-gravid females as well as by a decrease in 
the abundance of juveniles. The abundance of male nematodes 
did not change significantly across the entire season. (Fig. 1, 
Table I). 
During the early collection period, there were more female 
nematodes (pooled non-gravid and gravid) in lizard stomachs 
than there were males (t = 3.753, df = 12, P = 0.003) and 
juveniles (t = -6.124, df = 12, P < 0.001), and more non-gravid 
female nematodes than males (y{ = 38.0, df = 12, P = 0.006), 
gravid females (y{ = 45.5, df = 12, P < 0.0001), and juveniles 
(y{ = 39.0, df = 12, P < 0.0001). During the middle collection 
period, there were more female nematodes (pooled) in lizard 
stomachs than males (t = 2.735, df = 14, P = 0.016) and juveniles 
(y{ = 40.5, df = 14, P = 0.003). During the late collection period, 
there were more females (pooled; W = 37.5, df = 13, P = 0.007) 
and males (t = -3.107, df = 13, P = 0.002) than there were 
juveniles. Also during the late collection period, there were more 
males than non-gravid females (W = 37.0, df = 13, P = 0.002) or 
gravid females (y{ = 39.5, df = 13, P = 0.004; Fig. 1). 
Comparative analyses of stomach nematode length across season: 
The mean lengths of nematodes (irrespective of host) were 
compared between collection periods to examine the growth of 
nematodes among developmental categories across the active 
season (ex = 0.017). Length of gravid females remained constant 
across season (11.91 mm ± 0.29 [SED. Length of non-gravid 
females remained constant as well (6.21 mm ± 0.16). Mann-
Whitney V-tests revealed the following differences between 
nematode lengths. Length of male nematodes was significantly 
greater during the middle collection period (6.51 mm ± 0.13) than 
the early collection period (5.97 mm ± 0.21) (V = 3570, early n = 
68, middle n = 81; P = 0.0017) and greater during the late 
collection period (8.23 mm ± 0.26) than the middle collection 
period (V = 3737, middle n = 61, late n = 81, P < 0.0001). The 
length of juveniles during the middle collection period (3.85 mm 
± 0.24) was greater than that of the early collection period 
(2.93 mm ± 0.14) (V = 1039, early n = 42, middle n = 33, P = 
0.0002), but the length of juveniles during the late collection 
period (2.92 mm ± 0.14) was significantly less than that of the 
middle collection period (V = 437, middle n = 18, late n = 33, 
P = 0.0049). 
Nematodes from cloacae and fecal pellets: A total of 22 
nematodes was collected from cloacal flushes and fecal pellets 
across the entire season, with 19 of 22 nematodes being recovered 
during the middle collection period and 3 during the late 
collection period. AU nematodes were gravid females, with an 
average length of 17.14 mm ± 0.70 (range 11.0-24.5 mm), which 
was significantly greater than the mean length of gravid female 
nematodes retrieved from stomach flushes (Mann-Whitney V-
test: V = 2,596, P < 0.0001). Gravid female nematodes were most 
often observed either wrapped around host feces or exiting 
immediately after a fecal pellet has been expelled. During the 
middle collection period, 8115 lizards (53.3% prevalence) har-
bored these 19 nematodes and, during the late collection period, 
3/14 lizards (21.4% prevalence) harbored these 3 nematodes. A 
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TABLE I. Temporal analyses of Skrjabinoptera phrynosoma abundance in Phrynosoma platyrhinos stomach flushes. Kruskal-Wallis tests of abundance for 
each developmental category were performed first on all 3 collection periods, then Mann~Whitney U-tests were used to compare across each unique pair 
of collection periods. Sample sizes of lizard stomachs: nEarly = 13; nMid = 5; nLate = 14. 
S. phrynosoma Across season Early vs. mid Mid vs. late Early vs. late 
developmental category P H df P U P U P U 
Male* 0.780 0.250* 2,39 ~t 
Female 0.015t 8.407 2 0.309 75 0.160 137 0.002t 27 
Non-gravid female 0.002t 12.636 2 0.055 55.5 0.374 125.5 <O.OOlt 12 
Gravid female 0.138 3.963 2 
Juvenile O.Om 8.190 2 0.053 55.5 0.333 127 0.007t 36 
Total 0.080 5.059 2 0.321 75.5 0.457 122.5 O.OJ3t 142.5 
* ANOVA was performed and F ration is given (data were normal). 
t (-) indicates no significant difference, so additional analyses were not performed. 
t Indicates significance after Bonferoni correction (P < 0.017). 
chi-square prevalence test revealed that there were significantly 
more lizards with nematodes in their cloaca or fecal pellets during 
the middle collection period compared to the late collection 
period (I = 4.24; df = 1, P = 0.04). 
Nematode infection in Pogonomyrmex spp. ants 
Approximately 6,000 Pogonomyrmex spp. ants (with the vast 
majority being P. califomicus) were collected throughout the 
season. About 2,000 were necropsied from each collection period 
with an average of 58.5 ants per pit-fall trap. Only I ant was 
found to be infected with a larval nematode. This single nematode 
in the single infected ant was collected during the early collection 
period. 
DISCUSSION 
The life cycle of S. phrynosoma is distinguished from that of all 
(but see Zimmermann et aI., 2011) other helminth parasites in that 
entire gravid females, rather than eggs, exit the lizard definitive 
host. This dead gravid female is foraged by adult harvester ants 
and fed to the brood of the colony, which is the only stage of the 
intermediate host that can be infected (Lee, 1955). Thus, timing of 
the exit of gravid females with the availability of larval ants must 
be coordinated for the life cycle to continue. This study aimed to 
elucidate the seasonal timing of these events by examining 
changes that occur in nematode populations, in both the lizard 
and ant hosts, across 1 active season. 
Several patterns of Skrjabinoptera phrynosoma infection dy-
namics were observed in lizard hosts across season: (1) the 
abundance of male nematodes collected from lizard stomachs 
remained relatively constant across season, yet their lengths 
increased significantly; (2) non-gravid female nematodes were 
already present within a few weeks of the lizards' emergence from 
hibernation, and these outnumbered other developmental cate-
gories; (3) gravid females peaked in both stomach and cloacal 
flushes collected from lizards mid-season; and (4) the number of 
juveniles decreased as the season progressed, with the smallest and 
fewest juveniles being observed in the latest collection period. 
It is possible that adult male nematodes stop accumulating in 
lizard stomachs after a resident population establishes in naive 
hosts, i.e., those which ingest their first juveniles from infected 
ants. Further, this population may be stable, and even permanent, 
since males were never observed in fecal pellets or cloacal flushes. 
We hypothesize that newly acquired juveniles are exposed to a 
resident population of males which may emit chemical cues that 
induce sexually-immature juveniles to mature into females. 
Although this type of environmental sex determination (ESD) 
has not been observed in vertebrate-parasitizing nematodes, it has 
been described in other invertebrates such as shrimp (Adams et 
aI., 1987) and, interestingly, in invertebrate-parasitizing nema-
todes (Christie, 1929; Petersen, 1972). Whereas most nematodes 
typically exhibit chromosomal sex determination (Post, 2005), the 
temporal fluctuation in abundance of female, but not male, S. 
phrynosoma in P. platyrhinos warrants investigation of sex 
determination in these nematodes. An alternative to this 
hypothesis is that resident males reproduce and senesce, or are 
digested, or both, and subsequent incoming juveniles mature and 
take their places. 
The significantly greater abundance of non-gravid female than 
male nematodes in lizard stomachs from the early collection 
period relative to the later collection period is consistent with this 
hypothesis. If newly acquired juvenile nematodes become non-
gravid females, they would presumably then mate with the 
resident males and, subsequently, become gravid females that 
migrate out of hosts later in the season. This further explains the 
observed seasonal population dynamics within juveniles, non-
gravid females, and gravid females since each developmental 
category simply "converted" to the other (in respective order) as 
the season progressed. Additionally, although cloacal samples 
revealed that gravid female nematodes were exiting lizard hosts 
during middle and late collection periods, the concurrent 
conversion of non-gravid females to gravid served to generate a 
population of gravid females observed in stomach flushes 
throughout the season. The absence of any increase in size of 
gravid females in stomach flushes across season suggests these 
females remained in the lizard's stomach only long enough to 
become gravid and, subsequently, migrated from stomach to exit 
with the host's feces. Lee (1957) reported that maturation of 
juveniles to gravid females took about 65 days in S. phrynosoma 
from P. comutum, which is comparable to what we can 
extrapolate from our data (not shown). The significantly greater 
length of gravid female nematodes in the cloacae compared to 
those from stomach flushes implies that when females reach their 
fully gravid status, i.e., critical capacity of mature egg packets, 
they exit the stomach. It is also possible that a period of growth 
and maturation of these gravid females occurs in the intestine or 
cloaca as they exit the host. 
The evident seasonal timing of these events, i.e., (1) juveniles to 
mature into females, (2) mating to occur and egg formation to 
begin, and (3) migration of gravid females out of the lizards may 
be prompted by seasonal changes in host hormones related to 
their own seasonal breeding (Pianka and Parker, 1975; Wack et 
aI., 2007). Host hormonal cuing of parasite reproductive and 
infection strategies has been demonstrated in other disparate 
systems, such as Opalina spp. in anurans (El Mofty and Smyth, 
1964; El Mofty, 1973), Haemonchus contortus infections in ewes 
(Fleming and Conrad, 1989), Polystoma spp. in Rana temporaria 
(Smyth and Smyth, 1980), and cestode parasites of fish (Simkova 
et aI., 2005). 
Alternatively, a potentially strong and intriguing influence on 
the seasonal life cycle of S. phrynosoma is the timing of the exit of 
gravid females from P. platyrhinos to be coordinated with the 
activity and availability of the their harvester ant intermediate 
hosts. Harvester ants exhibit seasonal fluctuations in the 
composition of their colony, especially in desert environments 
(MacKay, 1981). Peak foraging activity of Pogonomyrmex 
californicus occurs mid-summer (late July) and coincides with 
peak brood numbers, i.e., larval ants, in the nests. In the life cycle 
of S. phrynosoma, it follows that the gravid female nematode 
should optimally exit only when the conditions for infecting the 
next host exist. This includes both active adult harvester ants, 
which will retrieve gravid females from lizard feces, and larvae in 
the nests, which can serve as potential hosts. Notably, harvester 
ants are the most common prey items of P. platyrhinos during this 
same part of the active season, based on observations from P. 
platyrhinos fecal pellets. We saw a peak abundance of gravid 
females in both stomach flushes and in fecal pellets or cloacal 
flushes mid-season. Thus, it would be reasonable to hypothesize 
that the detection of an increased abundance of harvester ants in 
the stomach by the gravid female could signal female growth and 
egg production to end and the migration from the stomach to 
commence. As a result, the exit of the female with the feces would 
occur with the peak availability of foraging workers of P. 
californicus to bring the female nematode and her eggs to the ant 
colony. Because exiting nematodes were only sampled once from 
each particular host (lizards were not re-sampled), it is likely that 
the abundance of gravid females exiting the host in mid-season 
was in fact higher than we can infer directly from our data. 
The presence of smaller juveniles in stomach flushes in late 
season may be explained by acquisition of new infections, 
presuming that newly establishing juveniles are small because 
they would have emerged from recently-ingested ants. Pogono-
myrmex spp. larvae mature to adult foragers in about 6 wk 
(MacKay, 1981). In the Alvord Basin, if foraging adult ants 
collected most of the defecated gravid female nematodes during 
mid-season and fed these females to larval ants at that time, then 
infected ant larvae would emerge as infected workers themselves, 
beginning primarily in late August. Because we only collected ants 
into mid-August, and did not find any infected ants in mid-
August, we suspect that we missed the mid-to-late season surge of 
nematode prevalence in this new generation of foraging harvester 
ants. We expect future research to demonstrate that lizards 
acquire new infections largely in late August through mid-
September, given that seasonality of parasite infection rate 
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typically is influenced by fluctuations in the hosts' exposure to 
the infective stages (Cornell et aI., 2008). In heteroxenous systems, 
the seasonality of infection in definitive hosts typically corre-
sponds to the timing of the availability of the parasites' 
intermediate host in the environment, which has been well 
described in other systems (Dronen, 1978; Ingham and Dronen, 
1982; Marin et aI., 1998). Additionally, if lizards become infected 
in the mid-to-late activity season, then we expect that juvenile 
nematodes may mature to non-gravid females during overwin-
tering of the host. This would explain why we observed both 
adults and large juveniles in lizards within about 10-20 days after 
emergence from hibernation. 
Although we collected 6,000 ants, and found only 1 infected 
with a nematode larva, the prevalence of the nematode naturally 
may be extremely low due to the dietary intake of lizard hosts. 
Phrynosoma spp. ingest 30-100 (mean = 71) ants per day, and 
lizards nearly decimate ant populations by the end of the active 
season, leaving relatively few workers and the queen to overwinter 
(Whitford and Bryant, 1979). If, in the Alvord Basin, the active 
season consists of over 150 days, then a single adult Phrynosoma 
could putatively ingest 15,000 ants during that time. Low 
prevalence of infection in the intermediate host decreases the 
yearly infection rate of the definitive host by several orders of 
magnitude, which is consistent with our findings wherein the 
highest mean total nematode abundance (in early collection 
period) was 23. 
The present study presents the first thorough investigation of 
the seasonal dynamics of S. phrynosoma in its hosts in the 
northern extremes of their geographic ranges. The maintenance of 
a stable male nematode population and a decrease in female 
nematodes across the season may be a result ofESD, where newly 
acquired juveniles mature into females that mate and exit the host 
during each annual season. The seasonal changes in population 
dynamics of S. phrynosoma in P. platyrhinos may coincide with 
the availability of intermediate hosts, as gravid females exited 
mid-season, a time when ants demonstrate peak foraging activity 
and many ant larvae are available in the colonies to be fed gravid 
nematodes and become intermediate hosts. Many questions 
remain, including the amount of time required for parasite 
development in these hosts and the environmental cues affecting 
parasite life cycle, e.g., sex determination, female maturation, and 
exit. Several consecutive years of observational and experimental 
field data on ants, lizards, and nematodes would be needed to 
describe more fully the dynamics of this complex host-parasite 
life cycle. Developing an optimization model of host switching in 
the S. phrynosoma and P. platyrhinos life cycle, as has been done 
for other complex systems (Hammerschmidt et aI., 2009), may be 
a useful guide for future research. 
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SEASONALITY OF PARASITIC COPEPODS ON BULLSEYE PUFFER, SPHOEROIDES 
ANNULATUS (PISCES: TETRAODONTIDAE), FROM THE NORTHWESTERN COAST 
OF MEXICO 
Francisco Neptalf Morales-Serna*, Miguel Rubio-Godoyt, and Samuel Gomez:j: 
Posgrado en Ciencias del Mar y Limnologfa, Universidad Nacional Aut6noma de Mexico, Unidad Academica Mazatlan, Joel Montes Camarena 
sin, Mazatlan 82040, Sinaloa, Mexico, e-mail: neptali@ola.icmyl.unam.mx 
ABSTRACT: Seasonal occurrence of parasitic copepods in wild bullseye puffer, Sphoeroides annulatus (Pisces: Tetraodontidae), was 
analyzed in conjunction with variation of biotic and abiotic factors, Eleven samples were taken between February 2007 and February 
2008 in Santa Maria La Reforma lagoon (northwestern coast of Mexico), In total, 337 fish was examined; 5 parasitic copepod species 
were observed, including Acantholochus zairae, Caligus serratus, Lepeophtheirus simplex, Pseudochondracanthus diceraus, and 
Parabrachielia sp, The most common species were L. simplex, p, diceraus, and C. serratus (overall prevalence, 59, 53, and 35%, 
respectively), which significantly varied in prevalence and mean intensity between sampling months, A seasonal pattern was only 
observed for L. simplex, with higher infection levels in the warmest month than in the coldest month, Statistical analyses indicated that 
the intensity of L. simplex was positively correlated with water temperature, There were no significant differences in prevalence and 
intensity of infection among female and male hosts, At the component community level, species richness ranged between 4 and 5 during 
most of the study period, and no seasonality was observed in the number of individuals, Shannon diversity index, evenness index, or 
the Berger-Parker dominance index, At the infracommunity level, 4 descriptors used (mean species richness, mean number of 
individuals, mean Brillouin's diversity index, and mean Berger-Parker index) varied significantly between sampling months, but no 
seasonality was observed, except for a slight increase in the number of individuals during the warmest month, A significant positive 
association was detected between number of individuals and water temperature and between host size and both species richness and 
number of individuals, This is the first account of the ecology of these 5 parasitic copepods, Although no significant association was 
detected between fish condition factor and the burden of parasitic copepods, given the high occurrence of the caligid copepod L. 
simplex, we suggest that this copepod could represent a threat for the culture of S. annulatus, 
The bullseye puffer, Sphoeroides annulatus (Pisces: Tetraodon-
tidae), is a coastal fish whose distribution ranges from southern 
California down to Peru, including the Gulf of California and the 
Galapagos Islands (Thomson et aI., 2000), Sphoeroides annulatus 
is an economically important species, especially in northwestern 
Mexico, which is one of the most important puffer fish exporters 
worldwide (Chavez-Sanchez et aI., 2008), Furthermore, it has 
been shown that S. annulatus possess a good potential for 
aquaculture, and pilot project to produce juveniles has been 
initiated (Alvarez-Lajoncbere et aI., 2007; Chavez-Sanchez et aI., 
2008), 
The recent use of S. annulatus in aquaculture stresses the need 
for knowledge of the parasite fauna associated with wild fish 
populations because parasitic organisms are among the main 
health problems within mariculture facilities, Identification of 
parasites should facilitate the best treatment and perhaps 
stimulate more detailed investigation in the future, Although 
parasitic copepods represent a potential threat both for aquacul-
ture and for wild fish exposed to water effluents from fish farms 
(Krkosek et aI., 2006; Costello, 2009), enteric helminths are the 
best known metazoan parasites of S. annulatus (Moravec and 
Fajer-Avila, 2000; Fajer-Avila et aI., 2003, 2004; Alvarez-Borrego 
and Fajer-Avila, 2006), However, information regarding parasitic 
copepods of bullseye puffers is scarce, Only 3 species of parasitic 
copepods have been reported on S. annulatus collected off the 
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northwestern coast of Mexico: Caligus elongatus, Lepeophtheirus 
dissimulatus, and Lepeophtheirus simplex (Causey, 1960; Ho et aI., 
2001), The latter has been associated with skin lesions, anorexia, 
and mortality of S. annulatus juveniles reared in tanks (Fajer-
Avila et aI., 2008); nevertheless, knowledge on the ecology of these 
parasites is poor. This subject needs to be addressed to help 
prevent economic losses and to decrease the environmental 
impact of bullseye puffer aquaculture, The study of the seasonal 
dynamics of populations and communities of parasitic copepods 
may help to reveal periods during which epizootic outbreaks are 
likely to occur. In addition, study of the natural infestation levels 
before fish farms are established might prove useful in reaching 
conclusions about the potential impact of copepods from farmed 
fish on wild fish stocks, as shown by Krkosek et al. (2006) and 
Costello (2009), 
The aims of the present study are therefore to (I) analyze the 
seasonal variation in parasitic copepod community structure and 
species composition in S. annulatus from Santa Maria La 
Reforma lagoon (northwestern Mexico), (2) identify possible 
biotic and abiotic factors responsible for such seasonal variation, 
and (3) assess the association between parasitic copepod burdens 
and fish condition factor. 
MATERIALS AND METHODS 
Fish sampling and parasitological examination 
Santa Maria La Reforma lagoon (25°10'N, 108°20'W and 24°50'N, 
107°55'W) is a coastal ecosystem located on the Mexican Pacific coast 
(Fig, 1), It has a surface area of approximately 583 km2 and a mean depth 
of 3,5 m (maximum depth, 26 m) (Serrano and Ramirez-Felix, 2003), The 
annual mean temperature is approximately 24 C The region experiences 2 
distinct seasons during the year: a rainy season from June to November, 
which includes the warmest month (August-October); and a dry season 
from December to May, which includes the coldest month (January-
February), 
In total, 337 specimens of S. annulatus was collected between February 
2007 and February 2008 (February 2007 [n = 51], March [n = 25], April [n 
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FIGURE 1. Map of Santa Maria La Reforma lagoon. The star denotes 
the sampling site. The inset shows the location of the study area in the 
state of Sinaloa, Mexico. 
= 43], May [n = 6], June [n = 6], August [n = 46], October [n = 45], 
November [n = 44], December [n = 43], January [n = lO], and February 
200S [n = IS]). Despite a similar sampling effort throughout the study, 
monthly sample sizes varied considerably. This could be either due to 
movements of fish within the large body of water they inhabit or be a 
consequence of fishing pressure, because artisanal S. annulatus fishery 
takes place in the study area. The sampling site was located in the southern 
portion of the lagoon, near "Carillero" (24°53.l07'N, lOso02.005'W). 
Fish were collected using hook and line; placed individually in labeled, re-
sealable plastic bags; and frozen until inspection in the laboratory. A 
sample of bottom water was taken at each sampling site by using a 
horizontal Niskin bottle; bottom-water salinity (parts per thousand), 
temperature (Celsius), pH, and dissolved oxygen (milligrams per liter) 
were determined. 
Each fish was examined for the presence of copepods on skin, fins, and 
gills. Examination was performed under good illumination in a tray. Gill 
arches were removed from each fish and carefully inspected in a Petri dish 
by using a stereomicroscope with a magnification of x40. Water 
contained in each of the plastic bags where the fish were stored was 
filtered and examined for detached copepods. Parasites found on each fish 
were preserved in labeled vials with 70% ethanol. Standard body length 
(centimeters), wet weight (grams), and sex of each fish were recorded. 
Fulton's condition factor K was assessed using the following formula: 
K= lOOx W 
L3 ' 
where W is total body weight (grams) and L is standard length 
(centimeters). 
Data analysis 
Differences in standard body length, wet weight, and condition factor K 
of fish between sampling months were contrasted using a Kruskal-Wallis 
test and Dunn's method as a posteriori test. Differences in the same 3 
parameters between male and female fish hosts were compared with 
Mann-Whitney U-tests. 
Monthly variations in the numbers of each species of parasitic copepod 
were analyzed in terms of prevalence (percentage of infected fish) and 
mean intensity of infection (mean number of parasites per infected fish), 
calculated according to Bush et al. (1997). Significant differences were 
detected using chi-square tests (comparison between all samples) and 
Fisher's exact tests (pairwise sample comparisons) for prevalence and 
Kruskal-Wallis tests (comparison between all samples) and bootstrap t-
tests with 2,000 replications (pairwise sample comparisons) for intensity. 
Ninety-five percent confidence intervals were calculated for prevalence 
and mean intensity by using Quantitative Parasitology 3.0 software (Rozsa 
et aI., 2000). 
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FIGURE 2. Variation in water temperature, salinity, dissolved oxygen 
(DO), and pH recorded during l-yr sampling period (from February 2007 
to February 200S). 
Associations between parasites and fish sex were evaluated using 
Fisher's exact tests for prevalence and using bootstrap t-tests with 2,000 
replications for intensity. Canonical correspondence analysis (CCA) was 
used to determine possible associations between intensity of infection and 
biotic and abiotic factors. Environmental data used in CCA were 
transformed to 10gJO. 
Analyses were made at the component community level (all copepods in 
all hosts collected per month) and infracommunity level (all copepods in 
an individual fish) (Holmes and Price, 19S6). Component community 
parameters included total copepod species richness, total number of 
individual copepods, the Shannon index (H) as a measure of diversity, the 
Pielou index (J) as a measure of evenness, and the Berger-Parker index as 
a measure of numerical dominance. Infracommunities were described 
through the mean copepod species richness per infected fish, mean number 
of individual copepods per infected fish, mean value of the Brillouin 
diversity index per infected fish, and the mean value of the Berger-Parker 
dominance index. These infracommunity descriptors were compared 
between sampling months by using Kruskal-Wallis tests to detect 
significant differences. Considering both infected and uninfected fish, 
Mann-Whitney U-test and Spearman's rank correlation test, respectively, 
were used to determine the influence of fish sex and environmental factors 
on both richness and number of individuals of the infracommunities 
Finally, Spearman's rank correlations were performed to determine 
whether parasitic copepod burdens were associated with fish condition 
factor K. 
Kruskal-Wallis tests, Dunn's method, Mann-Whitney U-tests, and 
Spearman's correlations were calculated with the SigmaStat 3.0 software 
(Systat Software, Inc., San Jose, California). Fisher's exact tests, bootstrap 
t-tests, and confidence limits were calculated with Quantitative Parasitol-
ogy 3.0 software (Rozsa et aI., 2000). CCA was performed in the 
MultiVariate Statistical Package MVSP 3.13 (Kovach, 2005). 
RESULTS 
Abiotic factors 
Water temperature ranged from 19 (February 2007) to 32 C 
(June, August, and October) (Fig. 2). Salinity ranged from 32 
(August) to 39%0 (January and February 2008) (Fig. 2). Dissolved 
oxygen ranged from 2.2 mg L -\ (November) to 8.8 mg L-\ 
(February 2008) (Fig. 2). Throughout the study period, pH varied 
slightly (range, 8.2-8.6) (Fig. 2). 
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FIGURE 3. Variation in length, wet weight, and condition factor K of 
bullseye puffer (Sphoeroides annulatus) during l-yr sampling period (from 
February 2007 to February 2008). Box plots show median, percentiles, and 
minimum and maximum observations. 
Host population 
The body length offish ranged between 7.9 and 33.5 cm (n = 337; 
mean ± SD = 15.9 ± 4.04 cm). Wet weight ranged between 23.5 
and 1,653.5 g (n = 337; mean ± SD = 254.2 ± 204.8 g), and 
condition factor Kvaried between 3 and 18.4 (n = 337; mean ± SD 
= 5.8 ± 2.1). Data distributions are depicted in Figure 3. Kruskal-
Wallis and Dunn multiple comparison tests revealed significant 
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differences in total body length, wet weight, and condition factor 
between sampling months (for length: H = 66.14, P < 0.001; for 
weight: H = 43.35, P < 0.001; for condition factor: H = 169.59, P < 
0.001). Length recorded in November was significantly lower than 
that observed in February 2007, March, April, May, and December 
(Fig. 3). Wet weight registered in November was significantly lower 
than that in December (Fig. 3). Condition factor K calculated for 
fish caught in November was significantly higher than the condition 
factor of all other samplings, except October (Fig. 3). 
The sex could be determined for 332 fish: 173 females and 159 
males were caught. When all samples were pooled in the same 
analysis, the Mann-Whitney U-test showed that there were no 
significant differences in body length (T = 25038.5, P > 0.05) or 
condition factor K (T = 26991, P > 0.05) between females and 
males, but wet weight was significantly higher for females (mean 
± SD = 280.9 ± 246.4 g) than for males (mean ± SD = 221.9 ± 
143.3 g) (T = 24550.5, P < 0.05). 
The sex distribution in the 11 monthly samples was as follows: 
23 females, 28 males (February 2007); 13 females, 12 males 
(March); 25 females, 18 males (April); 4 females, 2 males (May); 3 
females, 3 males (June); 18 females, 26 males (August); 19 females, 
26 males (October); 25 females, 19 males (November); 27 females, 
16 males (December); 5 females, 2 males (January); and 11 
females, 7 males (February 2008). There were no significant 
differences between both sexes within monthly samples in body 
length, wet weight, and condition factor K (data not shown). 
Species composition 
Five parasitic copepod species were identified from the 1,777 
individuals collected. They include the caligids C. serratus and L. 
simplex found on the skin, the chondracanthid Pseudochondra-
canthus diceraus, the bomolochid Acantholochus zairae found 
attached to gill filaments, and the lernaeopodid Parabrachiella sp. 
found on gill rakers. 
Seasonal changes in prevalence and mean intensity 
Overall prevalence and mean intensity levels were as follows for 
the 5 copepod species: 58.8% and 4.2 parasites per host for L. 
simplex, 52.5% and 3.4 parasites per host for P. diceraus, 35% and 
2.1 parasites per host for C. serratus, 14.0% and 1.3 parasites per 
host for A. zairae, and 6.2% and 2.1 parasites per host for 
Parabrachiella sp. Because of their rare occurrence, the last 2 
species were not analyzed further. 
The chi-square and Kruskal-Wallis tests showed that preva-
lence and intensity, respectively, of L. simplex (X2 = 104.4, P < 
0.01 and H = 22.4, P < 0.05), P. diceraus (X2 = 37.3, P < 0.01 
and H = 20.5, P < 0.05), and C. serratus (X2 = 52.9, P < 0.01 and 
H = 20.8, P < 0.05) differed significantly between sampling 
months (Figs. 4, 5). The highest values of prevalence (87 and 
93%) and mean intensity (4.1 and 6 parasites/host) of L. simplex 
occurred during the warmest months (August and October) and 
were significantly higher than those observed in relatively colder 
months (Figs. 4, 5). Prevalence of P. diceraus did not vary much 
during the l-yr period (ranging from 50 to 67%), except for a 
significant decrease (18%) in November (Fig. 4). Also, mean 
intensity of P. diceraus was not significantly different between 
most sampling months, except for significantly lower values in 
November and February 2008 (Fig. 5). Prevalence of C. serratus 
showed an irregular pattern, varying from \3.7 (February 2007) 
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FIGURE 4. Variation in prevalence of infection of Lepeophtheirus 
simplex, Pseudochondracanthus diceraus, and Caligus serratus on bullseye 
puffer (Sphoeroides annulatus) during l-yr sampling period (from 
February 2007 to February 2008). Bars denote 95% confidence intervals. 
Letters group months with prevalences that do not differ significantly 
(Fisher's exact test, P > 0.05). 
to 67.4% (December), whereas its mean intensity was not 
significantly different between most sampling months, except 
when contrasting February 2007 (1.0 parasite/host) with January 
and February 2008 (2.9 and 2.3 parasites/host, respectively). 
There were no significant differences in prevalence and mean 
intensity of L. simplex and C. serratus between female and male 
hosts when all samples were pooled in the same analysis. Also, there 
were no significant differences in prevalence of P. diceraus, but its 
mean intensity was significantly lower in females (2.9 parasites! 
host) than in males (3.9 parasiteslhost) (Fisher's exact test: for L. 
simplex, P = 0.578; for P. diceraus, P = 0.379; and for C. serratus, 
P = 0.358; bootstrap t-test: for L.simplex, t = 0.02, P > 0.05; for P. 
diceraus, t = -2.051, P < 0.05; and for C. serratus, t = 0.988, P > 
0.05). When samplings were considered separately, there were no 
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FIGURE 5. Variation in mean intensity of infection of Lepeophtheirus 
simplex, Pseudochondracanthus diceraus, and Caligus serratus on bullseye 
puffer (Sphoeroides annulatus) during l-yr sampling period (from 
February 2007 to February 2008). Bars denote 95% confidence intervals. 
Letters group month with mean intensities that do not differ significantly 
(bootstrap t-test, P > 0.05). 
significant differences in prevalence and intensity of the 3 copepod 
species between female and male hosts, except for February 2007 
when prevalence of P. diceraus was significantly higher in females 
(78%) than in males (50%) (Fisher's exact test, P = 0.047). 
The canonical correspondence analysis explained 49.4% of the 
relationship between the intensity of copepods and 5 environ-
mental variables (Table I). Water temperature was the most 
important variable explaining the intensity of L. simplex, whereas 
dissolved oxygen influenced the intensity of P. diceraus and 
salinity that of C. serratus (Fig. 6). 
Component community 
Eighty-two percent of fish sampled were infected: 29% with 1 
species, 29% with 2 species, 17% with 3 species, and 7% with 4 
TABLE I. Eigenvalues of the canonical correspondence analysis. 
Axis 1 Axis 2 
Eigenvalues 0.075 0.015 
Percentage 11.361 2.276 
Cum. percentage 11.361 13.637 
Cum. Constr .Percentage 83.310 100.000 
Species-environment correlations 0.494 0.206 
species. No host was parasitized by all 5 copepod species 
simultaneously. Table II shows the descriptors of the parasitic 
copepod component communities of S. annulatus. Species richness 
in each sampling month varied from 3 to 5. The highest value of 
diversity index was found in February 2008, where the evenness 
index showed its second highest value. The Berger-Parker 
dominance index varied from 0.4 (April, June, and February 
2008) to 0.8 (February 2007). Lepeophtheirus simplex numerically 
dominated in most sampling months. 
Infracommunities 
Mean copepod species richness ranged from 1.3 ± 0.5 
(February 2007) to 3.0 ± 1.2 (June), and the mean number of 
copepod individuals ranged from 3.3 ± 2.7 (February 2008) to 
12.6 ± 10.5 (June) (Fig. 7). Brillouin diversity index values varied 
from 0.1 ± 0.2 (February 2007) to 0.7 ± 0.4 (June) and the 
Berger-Parker dominance index varied from 0.6 ± 0.2 (June) to 
0.9 ± 0.2 (February 2007) (Fig. 7). These 4 infracommunity 
descriptors varied significantly between sampling months (Krus-
kal-Wallis test: for species richness, H = 51.53, P < 0.001; for 
number of individuals, H = 33.83, P < 0.001; for Brillouin index, 
H = 58.68, P < 0.001; and for Berger-Parker index, H = 47.06, P 
< 0.001). 
No significant associations were found between host sex and 
both richness species and number of individuals, neither when all 
fish were pooled in the same analysis (Mann-Whitney U-test: for 
species richness, T = 25726.0, P > 0.05; for number of 
individuals, T = 26657.0, P > 0.05) nor when samples were 
considered separately (data not shown). Host length and wet 
weight were positively and significantly correlated with species 
richness and number of individuals (Table III). However, water 
salinity was negatively correlated with both infracommunity 
descriptors, whereas water temperature was positively correlated 
with the number of individuals (Table III). To eliminate the 
confounding effect of seasonality on the correlation between host 
length and both infracommunity descriptors, analyses were 
repeated using data from those sampling months among which 
there were no significant differences in infracommunity descrip-
tors; even then, positive and significant correlations were 
observed (for species richness, r = 0.311, P < 0.0001; for number 
of individuals, r = 0.438, P < 0.0001). 
Association between burdens of parasitic cope pods and 
fish condition factor 
The analysis was done considering the intensity of L. simplex, 
P. diceraus, and C. serratus and the number of individuals of the 
infracommunities. When data from all sampling months were 
included in the same analysis, a positive and significant 
correlation between the condition factor K and the intensity of 
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both L. simplex (r = 0.156, P < 0.05) and C. serratus (r = 0.125, 
P < 0.05) was observed. However, those correlations were not 
observed when the effect of seasonality was eliminated. Neither 
intensity of P. diceraus nor number of individuals was correlated 
with the condition factor K. 
DISCUSSION 
Seasonal changes in prevalence and mean intensity 
To date, nothing is known about the ecology of the 5 parasitic 
copepods found in this survey. Acantholochus zairae was recently 
described from the same fish species examined here (Morales-
Serna and Gomez, 2010). Lepeophtheirus simplex was described 
10 yr ago from S. annulatus off the southern coast of Sinaloa, 
Mexico (Ho et aI., 2001). Recently, this copepod was reported to 
cause health problems for S. annulatus reared in the laboratory 
(Fajer-Avila et aI., 2008). Caligus serratus was described by Shiino 
(1965) on Atherinopsis californiensis caught near La Jolla, 
California; to our knowledge, this copepod has not been recorded 
since. Pseudochondracanthus diceraus has been reported to infect 
species of Sphoeroides from both the north Atlantic and north 
Pacific, although information regarding this species has mainly 
focused on its taxonomy (Wilson, 1908; Bere, 1936; Pearse, 1947; 
Ho, 1970). Parabrachiella sp. probably represents an unknown 
species; however, its identification must be considered with 
caution because, according to Piasecki et al. (2010), many of the 
existing species have been inadequately described and illustrated. 
In the present study, new geographical records and new host 
species records are given for P. diceraus and for C. serratus. 
Acantholochus zairae and Parabrachiella sp. occurred rarely. 
Probably, S. annulatus is not the most suitable host, or the 
environmental conditions in Santa Maria La Reforma lagoon are 
not favorable for these parasites. In contrast, L. simplex, P. 
diceraus, and C. serratus exhibited high values of prevalence and 
intensity of infestation, but only L. simplex showed a seasonal 
pattern throughout the year. Its prevalence and mean intensity 
was significantly higher in August and October (months with the 
highest water temperature) compared with February-March 2007 
and January-February 2008 (months with the lowest water 
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TABLE II. Characteristics of the parasitic copepods component communities on the bullseye puffer (Sphoeroides annulatus) during a 1-yr period (from 
February 2007 to February 2008). J', evenness; H', Shannon diversity index; B-P, Berger-Parker dominance index. Pse, Pseudochondracanthus diceraus; 
Leo, Lepeophtheirus simplex; Cse, Caligus serratus. 
No. of No. of Mean no. of 
Sampling month hosts species parasites 
February 2007 51 5 3.2 
March 25 4 2.2 
April 43 5 5.5 
May 6 4 5.0 
June 6 4 10.5 
July 
August 46 4 6.8 
September 
October 45 5 7.9 
November 44 4 3.1 
December 43 5 7.8 
January 10 3 4.0 
February 2008 18 5 2.9 
temperature). This result is supported by CCA, which indicated 
that the intensity of L. simplex was influenced by water 
temperature. Seasonality also has been observed in 2 other species 
of Lepeophtheirus (L. salmonis and L. pectoralis) from higher 
latitudes; both reached high infection levels in summer (Schram et 
aI., 1998; Cavaleiro and Santos, 2009). 
The rate of development of L. simplex seems to decrease in cold 
water, as observed in L. salmon is (Tully and Nolan, 2002). Adult 
females of L. salmonis from winter generations are significantly 
larger, produce longer egg strings, and a greater number of 
smaller eggs than females in summer generations. However, the 
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Dominant 
J' H' B-P species 
0.44 0.71 0.80 Pse 
0.64 0.88 0.72 Pse 
0.71 1.15 0.43 Pse-Leo 
0.77 1.07 0.47 Leo 
0.83 1.15 0.43 Pse 
0.74 1.03 0.53 Leo 
0.53 0.86 0.71 Leo 
0.76 1.06 0.57 Leo 
0.75 1.21 0.48 Leo 
0.94 1.04 0.50 Cse 
0.90 1.45 0.43 Cse 
proportion of non-viable eggs is higher at low temperatures. 
Moreover, smaller eggs with lower nutritional reserves are 
produced and larval survival is probably lower at low tempera-
tures (Ritchie et aI., 1993; Heuch et aI., 2000). In contrast, egg 
length is greater and the production of the egg strings is faster in 
warmer waters (Heuch et aI., 2000; Tully and Nolan, 2002). In 
addition, it has been shown that settlement and survival of L. 
salmonis copepodids is higher in warmer waters at a constant 
salinity (Tucker et aI., 2000). Thus, it is probable that the 
development of L. simplex is temperature-dependent, and strong 
epizootics could be expected in farms of S. annulatus during the 
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FIGURE 7. Variation in mean number of species, mean number of individuals, mean Brillouin's diversity index, and mean Berger-Parker (B-P) 
dominance index of parasitic copepod infracommunities on the bullseye puffer (Sphoeroides annulatus) during 1-yr-period (from February 2007 to 
February 2008). 
TABLE III. Spearman's rank correlation coefficient between biotic and 
abiotic factors and number of species and number of individuals from 
parasitic copepods infracommunities on the bullseye puffer (Sphoeroides 
annulatus) during a l-yr period (from February 2007 to February 2008). 
Biotic and abiotic No. of species No. of individuals 
factors r P r P 
Host length 0.373 0.000 0.430 0.000 
Host weight 0.469 0.000 0.510 0.000 
Water temperature 0.091 0.094 0.153 0.004 
Water salinity -0.183 0.000 -0.255 0.000 
Water oxygen -0.017 0.750 -0.082 0.129 
Water pH 0.069 0.203 0.052 0.337 
warmest months. In view of the potential threat posed by L. 
simplex, more detailed information regarding its biology is 
required. 
There was no significant variation in P. diceraus infestation 
levels between most of the sampling months. This suggests that P. 
diceraus is tolerant of physical and chemical environmental 
changes, which would also allow a wider distribution. The most 
evident difference was observed during November when preva-
lence and mean intensity were significantly lower. CCA analyses 
indicated that dissolved oxygen was the main factor influencing 
the intensity of P. diceraus; in fact, the lowest concentration of 
oxygen was observed in October and November. So far, there is 
limited knowledge regarding the effects of this variable on 
parasitic copepods. Other gill parasites, such as monogeneans, 
are negatively correlated with dissolved oxygen, reaching high 
infestation levels under hypoxic conditions (Raymond et aI., 
2006). It would therefore seem that parasitic copepods, as is the 
case with their free-living relatives, are rather sensitive to oxygen 
depletion. Raymond et aI. (2006) observed that a parasitic 
copepod was most prevalent in sites with higher dissolved oxygen 
levels. Also, it is possible that the lower prevalence and mean 
intensity of P. diceraus observed in November was due to the 
effect of host-size, which was low during this month. Although it 
is not a recurrent pattern, the occurrence of fish parasites is 
positively associated with host size because larger bodies 
conceivably provide more space and other resources for parasites 
(Poulin, 2007). Particularly, large-bodied fishes are more likely to 
be colonized by ectoparasites because they possess a larger 
external surface area for attachment by infective stages. 
The prevalence of C. serratus varied significantly between 
sampling months, but it did not show a regular pattern. This 
could suggest that the occurrence of C. serratus on S. annulatus is 
not affected by environmental factors. However, the mean 
intensity of this copepod was almost constant throughout the 1-
yr-period of study, except for a significantly lower value observed 
in February 2007. CCA indicated that the intensity of C. serratus 
was positively influenced by water salinity and, to some extent, by 
host size. Experimental studies by Bricknell et aI. (2006) on the 
caligid L. salmonis indicate that both survival and host infectivity 
are severely compromised by short-term exposure to reduced 
salinity levels. Also, water temperature has been shown to be 
positively associated with the development of other Caligus 
species such as C. elongatus and C. rogercresseyi (Pike et aI., 1993; 
GonzaIez and Carvajal, 2003; Costello, 2006). If C. serratus is 
equally affected by water temperature, higher infection levels 
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could have been expected during warm months, i.e., June-
October, but this was not the case. The increase in water 
temperature might have led to an increase in larval production of 
C. serratus. However, the recruitment of the larvae might have 
taken place in other host species, which might have been 
facilitated given the low host specificity by species of Caligus 
(Costello, 2009). 
The prevalence of all 3 parasitic copepod species (L. simplex, P. 
diceraus, and C. serratus) was more variable than their mean 
intensity. This supports the hypothesis that intensity of infection 
is a species characteristic and that the biological features of 
parasitic species can potentially override local environmental 
conditions in driving parasite population dynamics. According to 
Poulin (2006), this is possible because prevalence is determined by 
encounter rates between parasites and hosts, which are influenced 
by processes external to the fish, e.g., survival of free-living 
parasite stages, probably determined by local factors, whereas 
intensity of infection is determined to a large extent by processes 
acting within the fish. 
In this survey, host sex was not associated with variations in 
both prevalence and intensity between sampling months. Only the 
prevalence of P. diceraus was significantly higher in female than in 
male hosts during February 2007, but the significance was 
marginal and the difference was not repeated in the remaining 
months. Some studies have noted that host sex is associated with 
levels of parasitic infection, and this has been explained by the 
energetic trade-off hypothesis, i.e., a cost in reproduction 
associated with an investment in immune function (Skarstein et 
aI., 2001; Simkova et aI., 2005). For example, spawning males of 
the Arctic charr (Salvelinus alpinus) have a smaller spleen, which is 
an important lymphocyte-producing organ, and they were found 
to have higher intensities of macroparasitic infections than resting 
males (Skarstein et aI., 2001). Sanchez-Cardenas et aI. (2007) 
found that S. annulatus from the northwestern coast of Mexico 
has 2 reproductive periods throughout the year, the first and most 
important one takes place during spring-summer (from April to 
August), and the second takes place during October-November. 
Considering this, as well as the infection data presented here, it is 
reasonable to suggest that the occurrence of parasitic copepods on 
both sexes of S. annulatus is random, even during reproductive 
periods. However, additional research must be undertaken to test 
such a hypothesis, i.e., discriminating between spawning and 
resting fish. 
Component community and infracommunities 
Overall, at the component community level, the number of 
copepod species ranged from 4 to 5. This low variability could be 
attributed to both the continuous reproduction (gravid females 
were found during the whole study period) and high longevity of 
the copepods (e.g., the estimated lifetime for L. salmonis is 
approximately 7 mo; Costello, 2006). Along the same lines, 
Cavaleiro and Santos (2009) observed that the reproduction cycle 
of parasitic copepods runs throughout the year. The number of 
copepod species observed here is not surprisingly low because 
ectoparasite communities are generally impoverished with respect 
to species diversity; however, the number of parasitic copepod 
species in this report is higher than that found by Fajer-A vila et 
aI. (2006) (4 species) on white mullet (Mugil curema) from other 
lagoons of the region (northwestern Mexico) and by Violante-
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Gonzalez et aI. (2008) (1 species) on threespot cichlid (Cichlasoma 
trimaculatum) from a brackish system of the Mexican south 
Pacific. Unfortunately, information regarding parasitic copepod 
communities of other host species is not abundant. 
At the infracommunity level, there were significant differences 
in number of species, Brillouin diversity index, number of 
individuals, and Berger-Parker dominance index between sam-
pling months. However, a clear seasonal pattern was not seen, 
suggesting that these differences could be spurious. Because 
temperature seems to be an important factor in influencing 
biodiversity, a seasonal pattern in biodiversity variation was 
expected, with the highest values during the warmest months. 
Nonetheless, one of the highest mean values in number of species, 
number of individuals, and Brillouin index was observed in 
December (a comparatively cold month), when the largest fish 
were caught; but, as suggested, large-bodied hosts also are more 
likely to be colonized by ectoparasites, thereby increasing species 
richness (Lo et aI., 1998; Simkova, Morand et aI., 2001). In 
addition, statistical analyses revealed a positive correlation 
between both number of species and number of individuals, and 
host size. Therefore, species richness of parasitic copepods of S. 
annulatus could well be host size-dependent, as shown for 
ectoparasitic species richness of other fish species (Simkova, 
Morand et aI., 2001, and references therein). Also, the number of 
individuals was positively correlated with water temperature, 
making apparent a slight seasonality, mainly due to the increase 
of abundance of L. simplex during warm months (August and 
October). This supports the work of Simkova, Sasal et aI. (2001), 
who found that despite the different effect of temperature on the 
different parasitic species, the total abundance of ectoparasites 
increases with rising temperatures. 
Parasitic burdens and host body condition 
Finally, no significant association was detected in this study 
between the burden of parasitic copepods and fish condition 
factor K. Similarly, other studies failed to indicate that parasites 
affect the fish condition in natural systems (Mo and Heuch, 1998; 
Olivero-Vervel et aI., 2005; Jones et aI., 2006). In contrast, Lemly 
and Esch (1984) provided a clear example of mortality due to the 
direct effects of parasitism in a natural population of fish. 
Evidence of damage produced by parasitic copepods is better 
documented from aquaculture studies. In a southern bluefin tuna 
(Thunnus maccoyil) farm, e.g., Hayward et al (2009) found that 
the sea louse (Caligus chiatos) was strongly associated with both 
fish condition and severity of eye damage. It is possible that the 
health of S. annulatus was already reduced by copepod infection 
because these crustaceans damage their hosts directly through 
their attachment mechanisms and through their feeding activities; 
however, severity of damage probably was low, and the method 
that we used was unable to detect any significant effect of 
copepod parasitism on S. annulatus. 
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SOME LAELAPINE MITES (ACARI: LAELAPIDAE) ECTOPARASITIC ON SMALL MAMMALS 
IN THE GALAPAGOS ISLANDS, INCLUDING A NEW SPECIES OF GIGANTOLAELAPS 
FROM AEGIALOMYS GALAPAGOENSIS 
Donald Gettinger, Fernanda Martins-Hatano*, and Scott L. Gardner 
Harold W. Manter Laboratory of Parasitology, University of Nebraska State Museum, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-
0514. e-mail: ddgett@yahoo.com 
ABSTRACT: A collection of laelapine mites from small mammals in the Galapagos Islands are identified and their host distributions 
reviewed. Two species of native rodents, Aegialomys galapagoensis and Nesoryzomys narboroughii, were infested only with laelapine 
species typical of Neotropical oryzomyine rodents; Rattus rattus was infested with Laelaps nuttalli, a host-specific ectoparasite endemic 
to Old World Rattus. A synopsis of Gigantolaelaps Fonseca is provided and we describe a new laelapine mite, Gigantolaelaps 
aegialomys n. sp., from the pelage of the rodent A. galapagoensis on Santa Fe Island. The new species has strong morphological 
affinities with a subgroup of Gigantolaelaps associated with a group of semiaquatic oryzomyine rodents (Holochilus, Nectomys, 
Sooretamys, Pseudoryzomys, Oryzomys palustris). The other nominal species of this group, Gigantolaelaps mattogrossensis (Fonseca, 
1935) and Gigantolaelaps goyanensis Fonseca, 1939, are characterized by 10 setae on Tibia IV, large metapodal shields, and spiniform 
setae on Coxae I. Gigantolaelaps aegialomys is distinguished from these species by a lack of clearly spiniform setae on Coxa I, with 
setiform distal seta longer than the proximal; metapodal shields about the same size as the stigma; less than 100 11m separating the first 
pair of sternal setae. 
Prior to the introduction of Rattus rattus (Linnaeus, 1758) and 
Mus musculus Linnaeus, 1758, the endemic rodent fauna of the 
Galapagos Islands was far more diverse, and there is evidence that 
at least 6 species representing at least 2 genera of Neotropical 
oryzomyines lived there (Clark, 1980). Populations of only 3 
species remain, and are thought to exist on 3 islands (Nesor-
yzomys fernandinae Hutterer and Hirsch, 1979 on Fernandina, 
Aegialomys galapagoensis [Waterhouse, 1839] on Santa Fe, and a 
small population of Nesoryzomys swarthii Orr, 1938 on Santiago 
Island). The 3 endemic rodents are listed as Vulnerable on the 
IUCN Red List. Rattus rattus has not been found on Fernandina 
and Santa Fe islands yet, but co-occurs with N. swarthi on 
Santiago Island. 
One hypothesis for the eli,tirpation of the native rodents in the 
Galapagos Islands is that epidemic zoonotic diseases were 
introduced with the invasion of species of peridomestic Rattus 
and Mus (Brosset, 1963; Courchamp et aI., 2003). Because 
ectoparasitic arthropods can serve as vectors of diseases, the 
sharing of ectoparasites among these host groups may be of 
epidemiological importance. We address this question here by 
examining the associations of ectoparasitic mites collected from 
endemic rodents on Santa Fe, Santiago, and Fernandina islands, 
and those associated with R. rattus on Santa Cruz Island. 
The Harold W. Manter Laboratory of Parasitology received a 
small collection of laelapine mites sampled from the skin and 
pelage of small mammals in the Galapagos Islands. Here, we 
document the mite species encountered, and the host relationships 
of the laelapine mites associated with rodents on the Galapagos. 
The prevalence and intensity of these infestations are not reported 
because the sample sizes are small. A new mite species of the 
genus Gigantolaelaps Fonseca, 1939 is described from the pelage 
of the oryzomyine rodent, A. galapagoensis, from Santa Fe Island. 
Laelapine mites (Acari: Mesostigmata: Laelapidae) are prom-
inent associates of both New World (Cricetidae: Sigmodontinae: 
Oryzomyini) and Old World (Muridae: Murinae) rodents. Species 
of Gigantolaelaps are known primarily by the adult female, which 
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is characterized by large body size (dorsal shield generally greater 
than 1,200 11m), sternal shield with anteromedian projection, 1 
pair of setae on the epigynial shield, posterior seta of coxa II 
much longer than all other coxal setae, tectum a triangular flap, 
peritreme without apparent extension posterior to the stigma, 
genu IV with 10 setae, and 10 or 11 setae on tibia IV (Fonseca, 
1939; Furman, 1972). The genus is exclusively associated with 
sigmodontine rodents of the Tribe Oryzomyini (Gettinger, 1987). 
MATERIALS AND METHODS 
Mite specimens were mounted individually in Hoyer's medium, ringed 
with Glyptal, and measured with a stage-calibrated ocular micrometer. All 
measurements are in micrometers (11m). The measurements represent the 
holotype specimen; in parentheses, the range of 10 measured paratypes. 
We use the system of Lindquist and Evans (1965) for dorsal chaetotaxy. In 
our application of mammalian nomenclature, we follow Weksler et al. 
(2006) for new genera of Neotropical oryzomyine rodents, and Wilson and 
Reeder (2005) for species names. 
DESCRIPTION 
Gigantolaelaps galapagoensis, n. sp. 
(Figs. 1-3) 
Dorsum (Fig. J): Dorsal shield entire, oblong, tapered cephalad from 
lateral edges over coxae II ("shoulders") to narrow, extended apex fused 
with anterior terminus of peritematic plates; rounded posteriorly from 
shoulders to flattened posterior margin, surface reticulate. Dorsal 
chaetotaxy essentially normal, with accessory setae in marginal series for 
total of 45 pairs of relatively long, simple setae; j2 setae longest on shield 
(>300 11m); j5 reaches well beyond level of insertion of z5; J5 short, just 
reaching level of posterior edge of shield; visible pores as shown in 
Figure I; lateral cuticle finely striated; covered with dense setation varying 
from 100 to 160 11m long. 
Venter (Fig. 2): Tritosternal base rectangular, unornamented; seated in 
thickened cuticle anterior to sternal shield; bearing pair of pilose laciniae. 
Sternal shield width greater at level of setae II than length at midline; 
anteromedial projection strong, extending well beyond level of first setae; 
sternal setae long, with first pair extending well beyond slightly concave 
posterior margin of shield; first 2 pairs of pores elongate Iyriform, with 
first pair horizontal, second pair inclined medially; third pair pores small, 
placed vertically on unarmed integument midway between sternal shield 
and endopodal shields at medial junction of coxae III and IV, which bear 
long metasternal setae. Epigynial shield linguiform, very slightly expanded 
posterior to setae; epigynial setae long, extending beyond posterior 
margin. Metapodal shields large, approximately same size, or larger than 
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FIGURES 1-3. Gigantolaelaps galapagoensis n. sp., female. (1) Dorsal shield. Scale bar 
(3) Chelicera. Scale bar = 250 11m. 
220 J.Ull. (2) Ventral shields. Scale bar 220 J.Ull. 
stigma. Unarmed opisthogaster moderately setose, with about 80 setae on 
each side (excluding the marginal setae). Peritremes extend to point of 
attachment of peritremal shield with anterior end of dorsal shield. Anal 
shield pyriform, longer than wide; postanal seta long, much longer than 
paranal setae. 
Legs: All of moderate length and thickness; legs I and IV subequal in 
length, longer than legs II and III; legs III shortest (in descending order, I, 
IV, II, III). Chaetotaxy (from coxa to tarsus I): I = 2, 6, 13, 13, 13, --; II = 
2,5, 11, 11, 10, 18; III = 2, 5, 6, 9, 8, 18; IV = 1,5,6, 10, 10, 18. Proximal 
seta of Coxa I spiniform; distal seta longer and setiform; posterior seta 
Coxa II long and setiform (>300); anterior and posterior setae of Coxa III 
spiniform, similar in size; posterior seta of Coxa IV weakly spiniform. 
Gnathosoma (Fig. 3): Deutosternal groove with 11-12 rows of teeth (2-
4 teeth per row); chaetotaxy of venter normal; gnathosomal setae long, 
subequal in length with anterior hypostomal setae; inner hypostomal setae 
longest; outer hypostomals shortest. Hypostomal processes fringed 
apically, terminating at level of palpal femora; external malae (corniculi) 
strong and sclerotized; internal malae with lateral membranous lobe and 
medial fringed appendage; labrum wide at base, narrowing to slender tip; 
spiny fringe laterally and striated medially; epistoma simple, membranous 
shelf. Chelicera (Fig. 3) chelate dentate; fixed digit bifid at tip, with pilus 
dentilis long (ca. 28), setiform, tended by 2 blunt teeth; dorsal seta minute, 
acuminate; moveable digit with hooked tip and 2 small teeth in anterior 
part of chela; basal arthrodium with coronet of thin spines. Palps with 5 
free segments; basal medial margin of palptarsus with 2-tined apotele. 
Measurements (10 specimens): Dorsal shield length, 1,564 (1,510-
1,610); dorsal shield width, 690 (919-988); j5, 213 (208-219); z5, 188 (179-
196); J5, 83 (76-89); Z5, 225 (203-238); gnathosomal seta, 91 (86-97); 
inner hypostomal seta, 131 (125-134); sternal shield length, 284 (274-295); 
sternal shield width, 348 (340-359); sternal seta 1, 321 (313-326); sternal 
seta 3, 351 (340-365); sternal seta 4,331 (319-340); epigynial shield length, 
226 (219-233); greatest width epigynial shield, 252 (248-261); epigynial 
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seta, 277 (263-295); paranal seta, 157 (150-164); postanal seta, 230 (224-
235); greatest width anal shield, 206 (193-216); proximal seta coxa I, 77 
(74-80); distal seta coxa 1,125 (117-137); posterior seta coxa II, 322 (310-
334). 
Taxonomic summary 
Type hosts: Aegialomys galapagoensis (= Oryzomys bauri) (Mammalia: 
Rodentia: Cricetidae: Sigmodontinae), specimen ASNHC-I0617 (ASK-
5597, RCD-3618), collected 16 July 1999 from Isla Santa Fe, Galapagos 
Islands, Ecuador, is designated as the holosymbiotype and is located in the 
Angela State Natural History Collection, San Angelo, Texas 76909. 
Type locality: Ecuador: Galapagos Islands, Isla Santa Fe, 0°48.21 'S, 
900 2.45'W. 
Specimens deposited: The type series was deposited in the following 
collections: Harold W. Manter Laboratory of Parasitology, University of 
Nebraska-Lincoln, Nebraska (holotype, 3 paratypes); Funda<;ao Instituto 
Oswaldo Cruz, Rio de Janeiro, Brazil (2 paratypes); Instituto Butantan, 
Brazil (2 paratypes); Field Museum of Natural History, Chicago (2 
paratypes). 
Etymology: The specific epithet is a noun in apposition representing the 
genus of the host mammal, Aegialomys Weksler. 
Remarks 
Of the known species of Gigantolaelaps, only 5, including Gigantolaelaps 
mattogrossensis (Fonseca, 1935), Gigantolaelaps goyanensis Fonseca, 1939, 
Gigantolaelaps vitzthumi Fonseca, 1939, Gigantolaelaps wolf/sohni (Oude-
mans, 1910), and Gigantolaelaps peruviana (Ewing, 1933), have the 
following set of characters: femur I with 2 most apical dorsal setae both 
very long; posterior seta of coxa II long (over 300); and tibia IV with 10 
setae; gnathosomal groove with 10-11 rows of spines. Only in G. 
mattogrossensis, G. goyanensis, and the new species described here, is the 
metapodal shield as large or larger than the stigmata. 
Gigantolaelaps aegialomys is distinguished from these closely related 
species by the following characters: (1) proximal seta of coxa I only mildly 
spiniform; distal seta clearly longer, and setiform (proximal seta of G. 
mattogrossensis and G. goyanensis are the same or longer than the distal 
seta); (2) metapodal shields about the same size as the stigma (not clearly 
larger, as in G. goyanensis/G. mattogrossensis); (3) dorsal shield length! 
width less than 1,62011,000 J.lm (G. mattogrossensis and G. goyanensis are 
both greater than 1,62011,000 J.lm); and (4) distance between first pair of 
sternal setae less than 100 J.lm (over 100 J.lm in G. mattogrossensis and G. 
goyanensis). This species does not fit well within the taxonomic key 
provided by Furman (1972), but does resemble the G. goyanensis/G. 
mattogrossensis couplet. 
DISCUSSION 
The associations of laelapine mites associated with small 
mammals on Santa Fe, Fernandina, and Santa Cruz islands were 
host species-specific. Laelaps nuttalli Hirst, 1915, exclusively 
infested the primary host, R. rattus, and was not collected from 
the native rodents in the Galapagos. Nesoryzomys narboroughii 
was infested by a single species near Laelaps ovata Furman, 1972. 
Aegialomys galapagoensis was infested by a single species of 
Gigantolaelaps Fonseca, G. aegialomys (described above), and a 
smalliaelapid mite, near Laelaps manguinhosi Fonseca, 1936. 
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SUSCEPTIBILITY AND TOLERANCE OF SPOTTED SEATROUT, CYNOSCION NEBULOSUS, 
AND RED SNAPPER, LUT JANUS CAMPECHANUS, TO EXPERIMENTAL INFECTIONS WITH 
AMYLOODINIUM OCELLATUM 
Ignacio Masson, Reginald B. Blaylock*, and Jeffrey M. Lotz 
Gulf Coast Research Laboratory, The University of Southern Mississippi, 703 East Beach Dr., Ocean Springs, Mississippi 39564. e-mail: reg. 
blaylock@usm.edu 
ABSTRACT: Amyloodinium oeellatum is a parasitic dinoflagellate that infects warm-water marine and estuarine fishes and causes 
mortalities in aquaculture. Its life cycle consists of 3 stages: a feeding trophont that parasitizes the gills and skin where it interferes with 
gas exchange, osmoregulation, and tissue integrity; a detached reproductive tomont; and a free-swimming infective dinospore. We 
compared the susceptibility and tolerance of juvenile spotted seatrout, Cynoscion nebulosus, and red snapper, Lutjimus eampeehanus, to 
this parasite by individually exposing fish in 3-L aquaria (at 25 C and 33 practical salinity units) to several dinospore doses over 
different time periods and quantified the size and number of resulting trophonts. We estimated the trophont detachment rate and 
trophont size at detachment, the 24-hr dinospore infection rate, the dinospore 48-hr median lethal dose (LDso), and the trophont lethal 
load at the 48-hr LDso. There were no significant differences in dinospore infection rates or dinospore lethal doses between spotted 
seatrout and red snapper; however, trophonts remained attached longer and attained a larger size in red snapper than in spotted 
seatrout. The trophont lethal load was significantly higher in spotted seatrout than in red snapper. A proposed model simulating the 
trophont dynamics reflected our experimental findings and showed that A. oeellatum reproductive success is linked both to the number 
of dinospores and the size of the trophont, factors that, in turn, are linked to the time the trophont spends on the host and the number 
of trophonts the host can tolerate. 
Amyloodinium oeel/atum is a parasitic dinoflagellate that infects 
fish in tropical and subtropical marine waters (Brown and 
Hovasse, 1946; Lawler, 1977), It is the most important parasitic 
dinoflagellate affecting fish (Noga and Levy, 2006) and one of the 
most troublesome pathogens in marine fish culture (Paperna, 
1984, 1987), The life cycle consists of 3 stages: a trophont, tomont, 
and dinospore (Brown, 1931, 1934; Nigrelli, 1936; Brown and 
Hovasse, 1946), The non-reproductive feeding trophont is 
spherical to oval and lives on the gills and skin, Trophonts attach 
to host tissue by holdfast organelles that are deeply embedded in 
the host's epithelium (Brown, 1934; Nigrelli, 1936; Cheung et ai., 
1981), Trophonts increase in size and gradually detach as 
infection progresses. Shortly after detachment, a solid body wall 
is formed (Nigrelli, 1936; Brown and Hovasse, 1946; Cheung et 
ai., 1981) and the trophont becomes the non-motile reproductive 
tomont. Tomonts undergo divisions and sporulate, releasing up to 
256 free-living infectious dinospores (Brown, 1931, 1934; Nigrelli, 
1936; Brown and Hovasse, 1946), The number of dinospores 
produced by a tomont is related to the size of the tomont as well 
as the environmental conditions (Paperna, 1984), 
Amyloodiniosis is characterized by anorexia, dyspnoea, and 
pruritus that result in "flashing" behavior. Early infections are 
rarely detected, and because infections progress rapidly, mortality 
quickly ensues, Death is reportedly associated with anoxia 
resulting from the massive number of trophonts that diminish 
the gills' functional surface area. Tropnonts also cause physical 
changes, i,e" necrosis and hyperplasia, to the epithelium by 
attachment and feeding (Lorn and Lawler, 1973) such that 
osmoregulation is compromised (Noga and Levy, 2006), Severity 
of an infection with A. oeellatum is directly related to trophont 
load and trophont size, Trophont load is determined by the rate 
of dinospore attachment, the rate of trophont growth, and the 
rate of trophont detachment. The size achieved by a trophont is 
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determined by a combination of growth rate and the time over 
which growth occurs. 
The life cycle and environmental tolerances of A. oeel/atum are 
well known. Furthermore, it is known that some fish are more 
resistant to infection than others (Brown, 1934; Nigrelli, 1936; 
Lawler, 1977, 1980). Indeed, in our own culture system, incidental 
observations suggest that infections in red snapper, Lutjanus 
eampeehanus, reach lethal levels faster than in spotted seatrout, 
Cynoscion nebulosus. Nevertheless, the vital rates that determine 
the parasite's population growth, and therefore the severity of the 
infection, are poorly understood. So, we undertook to estimate 
the population vital rates of A. oeel/atum on red snapper and 
spotted seatrout to detenpine whether differences in the vital rates 
could explain differences in disease progression between these 2 
host species. Here, we estimate the trophont detachment rate, 
mean size of trophonts at detachment, dinospore infection rate, 
dinospore lethal dose, and trophont lethal load in spotted 
seatrout and red snapper. In addition, we propose 2 simple 
parasite population models that mimic the dynamics of dinos-
pores and trophonts after a single 48-hr median lethal dinospore 
dose (LD50). 
MATERIALS AND METHODS 
Dinospores of A. oeellatum were obtained from a naturally infected wild 
striped mullet, Mugil eephalus, caught in Ocean Springs, Mississippi. In 
the laboratory, A. oeellatum was maintained on live fish (laboratory-
reared spotted seatrout; wild-caught striped mullet; Atlantic croaker, 
Mieropogonias undulatus; and spot, Leiostomus xanthurus) in a 570-L tank 
containing 200 L of artificial sea water (Crystal Sea Marinemix, Marine 
Enterprises International Inc., Baltimore, Maryland). Salinity was 
maintained at 33 practical salinity units (PSU), with a range of ±2 PSu. 
As fish died, they were removed from the tank, dissected, and inspected 
to confirm infection with A. oeellatum. Infected gills were excised and 
returned to the tank. Uninfected fish, typically wild Atlantic croaker and 
laboratory-reared spotted seatrout, were continuously added to the A. 
oeel/atum-source tank to sustain the infection. 
Aeration was by air stones connected to a regenerative blower. The 
biofilter was a submerged blue bonded filter pad (Aquatic Ecosystems, 
Apopka, Florida). Temperature was maintained at 25 C, with a range of 
±2 C. Temperature, salinity, alkalinity, pH, ammonia, and nitrite were 
measured daily. Room illumination was 14:10 (light:dark) hr. Fish were 
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fed twice daily with commercial flakes (Aquatox, Aquatic Ecosystems) or 
pellets (Skretting, Stavanger, Norway). 
Dinospores for the experiments were obtained from naIve laboratory-
reared juvenile spotted seatrout that had been placed into the A. 
ocellatum-source tank. Upon displaying signs of heavy infection (air 
gulping, erratic swimming, and listlessness), fish were pithed. Excised gills 
were placed in a Petri dish with artificial seawater (25 C, 33 PSU) until 
most of the trophonts detached. Detachment of trophonts was facilitated 
by gentle shaking of the dish and gills and by irrigating the gills with 
seawater. Seawater with the detached trophonts was passed through a 125-
~m mesh filter, and the filtrate was collected in a test tube. Tube contents 
were allowed to settle for 20-30 min during which time trophonts 
transformed into tomonts. After settling, tomonts were washed 3 times by 
resuspending them in seawater. Washed tomonts were placed into 6-well 
culture plates (Corning Life Sciences, Lowell, Massachusetts) and 
incubated at 25 C. Dinospore excystment peaked between 48 and 72 hr 
of incubation. Dinospores were collected at 72 hr post-incubation, which 
ensured that the majority of them were recently excysted and a maximum 
of 24 hr old. Dinospores were pipetted into a container of a known volume 
for enumeration. The number of dinospores was estimated volumetrically 
with a Sedgwick-Rafter counting cell by counting the number of 
dinospores in 1 ml (0.5-ml sample plus 0.5 ml of formalin to immobilize 
the dinospores). Once enumerated, the live dinospores were used in the 
infection experiments. 
Trophont detachment 
Trophont detachment was studied using 26 juvenile, laboratory-reared 
spotted seatrout (53.3 ± 1.5 mm total length, 0.91 ± 0.39 g) and 11 
juvenile, laboratory-reared red snapper (46.0 ± 2.5 mm total length, 1.26 
± 0.20 g). Each fish was individually exposed to 20,000 ± 82 dinospores/ 
fish for 3 hr in 3-L aquaria containing 2.5 L of seawater at 25 C and 33 
PSU. Except where noted, all measurements are presented as mean ± SE. 
After exposure, each fish was transferred to a 475-ml plastic cup 
(Thermo Fisher Scientific, Waltham, Massachusetts), containing 350 ml of 
clean seawater. Every 24 hr, each fish was moved to a new cup with clean 
seawater, and the tomonts in the old cup were counted after 15-30 min of 
settling. The operation was repeated daily for 6 days, at which time each 
fish was killed and dissected to count trophonts still attached. Tomonts 
and trophonts were counted with the aid of a grid and a dissecting 
microscope. 
Analysis of the dynamics of trophont detachment from hosts was done 
with the aid of life tables. The data for the life tables were generated from 
trophont detachment as determined for each of the 26 spotted seatrout 
and 11 red snapper. Trophonts sharing an individual host are not 
independent of each other; therefore, fish rather than trophonts are the 
experimental units. 
The t-test was used to test for differences in age-independent trophont 
detachment proportions between spotted seatrout and red snapper. Two-
way analysis of variance on arcsine root-transformed age-specific 
proportions, followed by Tukey's honestly significant difference (HSD) 
test for pairwise comparisons, was performed to test for differences in 
trophont detachment each day between spotted seatrout and red snapper. 
Trophont size 
After the number of tomonts in the cups from the detachment estimate 
described above was counted, we used those tomonts to estimate the size 
trophonts achieved at detachment and transformation and follow 
trophont growth over time. Because tomonts present isometry in length 
and width (Paperna, 1984), the length of each tomont was used as an 
indicator if its size. We measured the length of a random sample of 10 
tomonts from each cup each day with the aid of an ocular micrometer 
resulting in 260 observations/day for spotted seatrout and 110 observa-
tions/day for red snapper. 
ANOV A and Tukey's HSD test were performed to test for differences 
among the size of trophonts detached each day within and between host 
species. 
Oinospore infectivity 
Laboratory-reared spotted seatrout juveniles (13.50 ± 0.23 cm total 
length, 22.83 ± 1.22 g) were individually challenged with 5,000 ± 41, 
20,000 ± 82, 100,000 ± 183, and 200,000 ± 258 dinospores/fish (25 fish! 
dose) in 3-L aquaria containing 2.5 L of seawater. Twenty-five laboratory-
reared juvenile red snapper (5.84 ± 0.15 cm total length, 3.31 ± 0.28 g) 
were exposed individually to 20,000 ± 82 dinospores. A single dose was 
used because laboratory-reared red snapper were limited. The exposure 
aquaria were maintained at 25 C and 33 PSU. 
After 24 hr of dinospore exposure, fish were removed from the exposure 
aquaria, placed individually in a 300-ml plastic cup, and pithed. 
Immediately, the gills were excised and placed in an 80-ml Petri dish 
containing distilled water for 45-60 min to stimulate trophont detach-
ment. Further dislodgement was effected by gently rubbing the gill surface 
with a dissecting needle. The contents of the Petri dish were placed in a 
300-ml beaker, the volume was adjusted to 200 ml, and trophonts were 
counted using a Sedgwick-Rafter cell. 
The 300-ml cup containing the body was then filled with enough 
distilled water, including a washing from the gloves used to handle the 
body, to cover the body and left for 45-60 min until examined. At 
examination, the body surface was gently brushed with a round, size 3, 
red sable paint brush (Bluementhal Craft, Carlstadt, New Jersey) and 
rinsed with a stream of distilled water to enhance trophont release. The 
contents of the container were then poured into a 300-ml beaker and 
counted as described above. Distilled water immersion did not rupture 
trophonts. 
The infection rate is the probability that a dinospore infects a fish per 
day and is estimated as the proportion of dinospores that result in 
trophonts. ANOV A of the arcsine root-transformed proportions was used 
to test for significant differences in infection probabilities between spotted 
seatrout and red snapper. 
The mean proportions of trophonts on the gills and body were 
calculated. ANOVA of the arcsine root-transformed proportions was 
performed to test for differences between host species at the 20,000 
dinospores/fish dose (the only dose used for red snapper; ('J. = 0.05). 
Oinospore 48-hr LOso 
One hundred and twenty laboratory-reared spotted seatrout (12.06 ± 
0.18 cm total length, 16.36 ± 0.82 g) were placed individually in 120, 3-L 
aquaria containing 2.5 L of sea water (25 C, 33 PSU) with continuous 
aeration, and each of 30 fish were challenged with 100,000 ± 183, 150,000 
± 224, 200,000 ± 258, or 250,000 ± 289 live dinospores for 48 hr. Twenty-
eight red snapper (10.15 ± 0.37 cm total length, 17.15 ± 2.04 g) were 
available for exposure (7 for each dose). Because of the small number of 
red snapper, we increased the highest dose to 300,000 ± 316 dinospores to 
increase the likelihood of detecting differences in mortality among the 
doses. Probit analysis, performed using Systat 13 (Systat Software Inc., 
2009), was used to estimate the 48-hr LDso. 
Trophont lethal loads at the 48-hr LOso 
To determine the trophont lethal loads, we counted the number of 
trophonts on the fish that died during the 48-hr LDso study as described 
above. To account for trophonts that detached and metamorphosed into 
tomonts, we counted any tomonts free in the aquarium. Settled tomonts 
were transferred to a container of known volume, and the Sedgwick-
Rafter cell was used to count tomonts. Trophont lethal load was 
calculated as the number of trophonts attached to the fish plus the 
number of tomonts free in the aquarium. Linear regression was used to 
interpolate the trophont median lethal loads at 48 hr for spotted seatrout 
and red snapper. Analysis of covariance (ANCOVA) with dose as the 
covariate was used to test for significant differences in lethal loads at the 
48-hr LDso between spotted seatrout and red snapper. 
Gill surface area-to-body weight ratio 
Five spotted seatrout (27.50 ± 1.31 g), 5 red snapper (47.98 ± 1.87 g), 
and another group of 5 spotted seatrout (74.90 ± 5.86 g) were pithed and 
weighed. Their gill arches (I side per fish) were dissected, laid flat on a 
glass slide with the inner side facing up, and photographed at a resolution 
of 3,072 X 2,304 pixels with a digital camera. Using Illustrator CS4 
(Adobe Systems, 2008), we outlined the area corresponding to the 
filaments in the digital picture and used a digital grid application provided 
by this software to estimate the surface area. U-tests «('J. = 0.05) were 
performed to determine whether there were statistical differences among 
the 3 fish groups (each group was composed of 5 fish). 
Simulations and analyses 
Simulations of the population models were done in MathCad 14 
(Parametric Technology Corporation, 2007). All statistical analyses and 
curve fitting except as noted above were done using Systat 13 (Systat 
Software Inc., 2009), with IX = 0.05 for hypothesis testing. 
RESULTS 
Trophont size 
The frequency distributions of trophont size (length) at 
detachment suggested reinfection after day 3 (Fig. 1). During 
the detachment study, we observed some dinospores in the water 
with transferred fish that may have been responsible for 
reinfection. Indeed, there was a continuous, conspicuous cohort 
of small trophonts present beginning on day 1. However, using 
Figure 1 as a guide, we attempted to identify trophont cohorts on 
the basis of their length. From this inspection, we excluded 
trophonts <80 J.IlTI in length from the data for days 3-6 for 
spotted seatrout and days 4-6 for red snapper. 
Trophonts released from fish increased in size asymptotically 
over time to a maximum (Figs. 1, 2). The best-fit growth 
equations were length = 101.0 (1 - e-O.60.day) and length = 
102.6 (1 - e-O.s6.day) for spotted seatrout and red snapper, 
respectively (Fig. 2). The 2 curves are visually indistinguishable 
from one another. The curves were linearized by reciprocal 
transformations of time and trophont length, followed by 
regression analysis. There was no difference in the slope of the 
lines between host species (P = 0.36). 
The largest individual trophonts were observed on day 4 in 
both species (125 Jlm for spotted seatrout and 120 Jlm for red 
snapper). However, the mean length of trophonts at detachment 
was slightly larger for red snapper (67.0 ± 0.8 Jlm) than for 
spotted seatrout (61.4 ± 0.5 J.IlTI) (t-test, P = 0.000). Trophonts 
achieved the maximum mean length on day 3 for both spotted 
seatrout (80.6 ± 1.2 J.IlTI) and red snapper (88.6 ± 1.0 Jlm). 
Trophont detachment 
The proportion of a cohort of trophonts remaining attached to 
spotted seatrout and red snapper over time is presented in column 
2 of Tables I and II. The best-fit exponential curves for 
attachment were P = 1.12 (e-O.so.day) and P = 1.15 (e-O.42.day), 
where P is the proportion of trophonts remaining for spotted 
seatrout and red snapper, respectively (Fig. 3). The age-indepen-
dent trophont detachment probability, ~, equals 1 - e-b and is 
the probability that a trophont detaches from a fish each day. The 
daily trophont detachment probability, ~, was 0.39 ± O.Ol/day for 
spotted seatrout and 0.34 ± O.Ol/day for red snapper (t-test, P = 
0.00). 
The parameter ~ is the age-independent detachment probabil-
ity. That is, regardless of the age of the trophont, the probability 
of detachment is ~. However, the proportion of trophonts of a 
particular age is different for each species (Tables I, II; Fig. 4). 
Fifty-eight percent of age 1-2 trophonts detach from spotted 
seatrout, whereas 27% of age 1-2 trophonts detach from red 
snapper (Tukey's HSD test, P = 0.00). Detachment of age 3-4 
trophonts from spotted seatrout is 26%, whereas detachment of 
age 3-4 trophonts from red snapper is 62% (Tukey's HSD test, 
P = 0.02). No other age-specific detachment proportions were 
significantly different between species. 
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Dinospore infectivity 
There was no significant difference in overall mean infection rates 
between spotted seatrout and red snapper, between the mean 
infection rates in each species at the 20,000 dinospores/fish dose, or 
among the 4 doses in spotted seatrout. The overall mean dinospore 
infection rate for spotted seatrout was 0.36/day (0.33-O.38/day, 95% 
confidence interval). For red snapper, the overall mean dinospore 
infection rate (based on 20,000 dinosporeS/fish as the only challenge 
dose) was 0.34/day (0.31-O.37/day, 95% confidence interval). 
ANOVA of the arcsine root-transformed proportions showed a 
significant difference in the mean proportion of trophonts in the 
gills between spotted seatrout (0.43 ± 0.03) and red snapper (0.32 
± 0.02) at the 20,000 dinospores/fish dose. Combining all 
dinospore doses for spotted seatrout, the proportion of trophonts 
in the gills was 0.44 ± 0.02. 
Dinospore lethal dose 
Logistic regression detected no significant difference in the 48-
hr LDso between spotted seatrout and red snapper. The 48-hr 
LDso were 237,243 dinospores/fish (195,980-350,306 dinosporesl 
fish, 95% confidence interval) for spotted seatrout and 141,010 
dinospores/fish (85,892-210,230 dinospores/fish, 95% confidence 
interval) for red snapper (Fig. 5). 
Trophont lethal load 
ANCOV A indicated a higher trophont lethal load at the 48-hr 
LDso in spotted seatrout than in red snapper. The trophont lethal 
loads at 48-hr LDso were 178,067 trophonts/fish (75,026-281,107 
trophonts/fish, 95% confidence interval) for spotted seatrout and 
123,160 trophonts/fish (2,439-243,880 trophonts/fish, 95% confi-
dence interval) for red snapper (Fig. 5). 
Model of trophont population dynamics 
The load of A. ocellatum trophonts on the gills and body 
surface of a fish results from dinospore transmission, trophont 
growth, and trophont detachment. For purposes of this paper, we 
modeled the process of developing a lethal trophont load from the 
following components: dinospore dose, dinospore infectivity, and 
trophont lethal load. We omit trophont growth because the load 
was estimated as numbers rather than biomass. A simple model of 
trophont load development is depicted graphically in Figure 6. 
The population of dinospores (D) and trophonts (1) can be 
expressed in the following matrix form: 
( Dt+ 1 ) = ( 1- ~ 0) . (Dt ) , 
Tt + 1 ~ 1-~ Tt 
where ~ is the dinospore infectivity, ~ is the age-independent 
trophont detachment probability, and t represents time. 
Simulating the above-described model for spotted seatrout, we 
set ~ = 0.36, ~ = 0.39, and a dose of 237,243 dinospores (48-hr 
LDso). At 48 hr post-dinospore exposure, the mean trophont load 
was 106,759 (Fig. 7), which falls within the 95% confidence 
interval for the lethal load of trophonts (75,026-281,107 
trophonts/spotted seatrout). Similarly, simulating an infection 
on red snapper we set ~ = 0.34, ~ = 0.34, and a dose of 141,010 
dinospores (48-hr LDso). At 48-hr post-dinospore exposure, we 
found the mean trophont load was 63,285 (Fig. 7), which again 
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FIGURE 1. Proportion of Amyloodinium ocellatum trophonts of different lengths detached from days 1-6 from spotted seatrout, Cynoscion nebulosus, 
and red snapper, Lutjanus campechanus. The curves suggest 2 cohorts based on size distribution. We used only the larger cohort for days 3-6 for spotted 
seatrout and days 4--6 for red snapper to estimate detachment. 
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FIGURE 2. Observed trophont lengths (circles) and best-fit asymptotic 
exponential growth curves for the length of Amyloodinium oeellalum 
trophonts released from spotted seatrout, Cynoseion nebulosus (filled dots 
and solid line), and red snapper, Lutjanus eampeehanus (open dots and 
broken line), eliminating trophonts <80 IJ.m in length from days 3-6 for 
spotted seatrout and days 4-6 for red snapper. Error bars are ± 1 SE. 
falls within the 95% confidence interval for lethal load of 
trophonts (2,439-243,880 trophonts/red snapper). 
A second slightly more complex model of trophont load 
development is depicted graphically in Figure 8. In matrix form, 
the model is as follows: 
o 
o 
1-l/11 
o 
where ~ is as above and l/11 and l/12 are age-dependent detachment 
probabilities (l/11 for ages 0-1 and l/12 for ages 1-2). The age-
dependent detachment probabilities for spotted seatrout and red 
snapper are displayed in Tables I and II. 
Simulating the model with age-dependent detachment for 
spotted seatrout, we set ~ = 0.36, l/11 = 0.036, and l/12 = 0.583 
(Table I), and a dose of 237,243 dinospores (48-hr LD50). At 48 hr 
post-dinospore exposure, the mean trophont load was 129,867 
(Fig. 9), which falls within the 95% confidence interval for the 
lethal load of trophonts (75,026-281,107 trophonts/spotted 
seatrout) and closer to the observed lethal load of 178,067 
trophonts/spotted seatrout. Similarly, simulating an infection on 
red snapper we set ~ = 0.34, l/11 = 0.018, and l/12 = 0.269 
(Table II), and a dose of 141,010 dinospores/fish (48-hr LD50). At 
48 hr post-dinospore exposure, the mean trophont load was 
78,627 (Fig. 9), which falls within the 95% confidence interval for 
lethal load of trophonts (2,439-243,880 trophonts/red snapper), 
and again is closer to the observed lethal load of 123,067 
trophontslred snapper. 
Gill surface area-to-body weight ratio 
There was no difference in the mean weights of spotted seatrout 
or red snapper used in this experiment. Of the animals used to 
determine the gill surface area-to-body weight ratio, the red 
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TABLE I. Age-specific detachment of Amyloodinium oeel/alum trophonts 
from experimentally infected spotted seatrout, Cynoseion nebulosus. 
Proportion of Age-specific 
cohort detachment 
Age (days) attached (Ix) SE (!JiJ SE 
0-1 1 0 0.036 0.008 
1-2 0.964 0.008 0.583 0.025 
2-3 0.402 0.024 0.737 0.025 
3-4 0.106 0.013 0.263 0.038 
4-5 0.077 0.011 0.065 0.010 
5-6 0.073 0.011 0.336 0.043 
6-7 0.050 0.008 
snapper, which were the same size as those used in the experiment, 
had a significantly larger mean gill surface area-to-body weight 
ratio (0.55 ± 0.02) than either size of spotted seatrout (0.48 ± 0.01 
for the small spotted seatrout and 0.34 ± 0.02 for the large 
spotted seatrout), one of which was larger and one of which was 
smaller than those used in the experiment. Red snapper gills have 
longer and looser secondary lamellae than those of spotted 
seatrout, which gives the red snapper gills a more feathery 
appearance than gills of spotted seatrout. 
DISCUSSION 
The progress and severity of amyloodiniosis is related to the 
load of A. ocel/atum trophonts on the gills and body surface of a 
fish. The trophont load is, in turn, related to the dinospore 
transmission, trophont growth, and trophont detachment. These 
processes, however, are not necessarily equal in importance or the 
same in all host species. Lawler (1977, 1980) observed that species 
such as Cyprinodon variegatus, Fundulus grandis, Anguilla 
rostrata, Opsanus beta, Poecilia latipinna, and Dormitator 
maculatus were "resistant" to amyloodiniosis. Noga and Levy 
(2006) reported that Amphiprion ocel/aris was more "susceptible" 
than Morone saxatilis and Oreochromis mossambicus. No study, 
however, has clearly quantified the differences. Our experimental 
data and the model we developed, allow us to quantify some of 
the processes and the relative importance of them in the 
progression of amyloodiniosis in spotted seatrout and red 
snapper. 
Dinospores have the same mean infection rate regardless of 
dose or host species. The dinospore infection rates reported here 
(0.36 for spotted seatrout and 0.34 for red snapper) are at the 
TABLE II. Age-specific detachment of Amyloodinium oeel/alum trophonts 
from experimentally infected red snapper, Lutjanus eampeehanus. 
Proportion of Age-specific 
cohort detachment 
Age (days) attached (lJ SE (!Jix) SE 
0-1 1 0 0.018 0.004 
1-2 0.983 0.004 0.269 0.026 
2-3 0.718 0.026 0.759 0.027 
3-4 0.176 0.023 0.628 0.053 
4-5 0.061 0.010 0.103 0.Q18 
5-6 0.055 0.010 0.358 0.033 
6-7 0.036 0.007 
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lower end of the range reported by Bower et al. (1987) for hybrid 
striped bass, Morone chrysops X M. saxatilis, (0.36-0.51), but 
somewhat higher than that reported by Cobb et al. (1998) for 
tomato c1ownfish, AmphiprionJrenatus (0.20). Nevertheless, in all 
cases, fish readily succumbed to the infection. This suggests that 
spotted seatrout and red snapper are equally susceptible and that 
differences in the progress and severity of the disease are driven by 
processes other than the ability of the parasite to infect a host. 
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FIGURE 4. Age-specific detachment probability of Amyloodinium 
ocellatum trophonts from experimentally infected spotted seatrout, 
Cynoscion nebulosus (open bars), and red snapper, Lutjanus campechanus 
(filled bars). Error bars are SE. Asterisks indicate statistically different 
age-specific detachment between fish species. NS indicates no statistical 
difference between species. 
Beyond the apparent similarity in susceptibility, differences in 
trophont growth, detachment, and lethal loads were evident. 
Because spotted seatrout and red snapper have different body 
shapes, i.e., spotted seatrout are more torpedo-shaped and 
dorsoventrally shallow than red snapper, weight instead of length 
was used to quantify size differences. All fish used in this 
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FIGURE 5. Number of Amyloodinium ocellatum trophonts recovered 
from spotted seatrout, Cynoscion nebulosus (circles), and red snapper, 
Lutjanus campechanus (squares), that died (y-axis) at the dinospore doses 
tested (x-axis) and best fit regression lines (solid lines). The 48-hr 
dinospore LD50 are identified by the dotted vertical lines crossing the x-
axis. The resulting trophont lethal loads are identified by the dotted 
horizontal lines crossing the y-axis. The resulting trophont lethal loads at 
the 48-hr LD50 for spotted seatrout (237,243 dinosporeslfish) and red 
snapper (141,010 dinosporeS/fish) were 178,067 (n = 40) and 123,160 
trophontslfish (n = 17) for spotted seatrout and red snapper, respectively. 
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FIGURE 6. Amyloodinium ocel/alum dinosporeltrophont population dynamics, where ~ is the dinospore infectivity, and tP is the age-independent 
trophont detachment probability. 
experiment were of the same mean weight; thus, differences in fish 
size do not explain the differences identified. Although trophonts 
can cause lesions on the body, which can lead to secondary 
infections and osmoregulatory impairment, death occurs primar-
ily due to respiratory distress, especially during heavy infections 
(Noga et a!., 2006). Despite that the pathology primarily is 
associated with gill infections, an epidemic relies upon the total 
load of parasites on both the gills and body. In our study, nearly 
half of the trophonts were on the body; therefore, we considered 
the total load in our study. The red snapper has a larger gill 
surface area-to-body weight ratio, which may provide more space 
for trophonts to grow larger and thus decrease the tolerance to the 
parasite. Indeed, the mean length of trophonts and the mean time 
to detachment was greater in red snapper than in spotted seatrout. 
The increased space in the gills of red snapper may predispose the 
species for the development of large trophonts and a lower lethal 
load. Large trophonts may more greatly impair gas exchange than 
small trophonts or may inflict more physical damage. Therefore, 
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FIGURE 7. Simulated Amyloodinium ocel/atum trophont dynamics in 
spotted seatrout, Cynoscion nebulosus, and red snapper, Lutjanus 
campechanus, using age-independent trophont detachment probabilities. 
For spotted seatrout (solid line), ~ = 0.36 dinospores/fishlday, tP = 0.39 
trophonts/day, and dinospore dose = 237,243 dinospores/fish (observed 
LDso). For red snapper (broken line), ~ = 0.34 dinospores/fishlday, tP = 
0.34 trophonts/day, and dinospore dose = 141,010 dinospores/fish 
(observed LD50)' Modeled trophont lethal load for spotted seatrout is 
106,759, whereas observed trophont lethal load is 178,067. Modeled 
trophont lethal load for red snapper is 63,285, whereas observed trophont 
lethal load is 123,160. 
spotted seatrout, by virtue of having smaller trophonts, may be 
tolerant, i.e., capable of sustaining, of more trophonts than red 
snapper. 
The progress of amyloodiniosis is regulated by a complex 
interaction among the number and size of the trophonts, the time 
the trophont spends attached to the host, the number of 
dinospores produced, and any inherent innate or adaptive 
immunological differences among hosts. Cobb (1997) demon-
strated an acquired immune response to A. ocellatum over several 
weeks. The present study cannot address inherent innate or 
adaptive immunological differences among species, but no fish 
used in this study had ever been exposed to A. ocellatum; 
therefore, the differences observed are not likely to be related to 
immunological memory. However, because spotted seatrout live 
primarily in the estuarine environment where A. ocellatum is 
usually found and red snapper live in offshore high-salinity waters 
where A. ocellatum does not commonly occur, it is possible that 
the spotted seatrout is more adapted to coexist with A. ocellatum 
than red snapper, which might explain the spotted seatrout's 
higher tolerance for the parasite. 
In several of the parameters measured in this study, there were 
differences between spotted seatrout and red snapper. Trophonts 
grew and detached more quickly (at a smaller size) from spotted 
seatrout than from red snapper and red snapper had a lower lethal 
load than spotted seatrout. To examine the effects of these 
differences, we developed a model to mimic the development of a 
lethal load from the dinospore LD50 dose. We modeled the 
development of a lethal trophont load as number of trophonts 
rather than trophont biomass because we used the number of 
trophonts for our estimate of lethal load. The model can be 
validated by incorporating our estimates for P and if> for spotted 
seatrout and red snapper. The estimates of these 2 parameters 
were obtained from data that were collected independently of our 
estimates of the dinospore LDso dose and the lethal loads. 
Results of simulations for spotted seatrout and for red snapper 
indicate that modeled lethal loads, although within the 95% 
confidence interval derived from the experimental data, were 
smaller than the observed lethal loads, suggesting that the model 
was too simplistic. The discrepancies could have arisen due to 
differences between our estimates of the parameters and the actual 
values. If that were the case, we would not be able to determine 
whether either parameter was correct. If, however, our original 
model was merely too simplistic to capture the complex process of 
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FIGURE 8. Amyloodinium ocel/atum dinospore trophont population dynamics, where ~ is the dinospore infectivity; o/J, and 0/2 are trophont age-
dependent detachment probabilities. 
developing a load from exposure to dinospores, additional data 
may improve the fit of the model to the observed values. The basic 
model assumes that cfi is independent of the age of the trophont. 
However, the data in Figure 4 and Tables I and II demonstrate 
that detachment varies with the age of the trophont as well as 
between host species. Inclusion of these age-specific detachment 
rates resulted in a model that more closely reflected the 
experimental results than the original model. Clearly, differences 
in detachment rates both over time and between host species 
contribute to apparent differences in host tolerance to the parasite. 
Nigrelli (1936), Lom and Lawler (1973), and Paperna (1984) 
indicated that detachment occurs as a consequence of some 
combination of the simple increase in friction with the water that is 
concomitant with a larger trophont and a decline in attachment 
efficiency as host tissue becomes necrotic or hyperplastic with the 
growth of the trophont. The present study cannot directly address the 
ultimate cause of trophont detachment, but it did show that relatively 
quick release of small trophonts is associated with an ability to 
tolerate a larger load of trophonts. Thus, the pattern of trophont 
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FIGURE 9. Simulated Amyloodinium ocel/atum trophont dynamics in 
spotted seatrout, Cynoscion nebulosus, and red snapper, Lutjanus 
campechanus, using age-dependent trophont detachment probabilities. 
For spotted seatrout (solid line), ~ = 0.36 dinospores/fish/day, 0/1 = 0.036 
trophonts/day, 0/2 = 0.583 trophontslday (Table I), and dinospore dose = 
237,243 dinospores/fish (observed LDso). For red snapper (broken line), 
~ = 0.34 dinospores/fish/day, 0/1 = 0.018 trophonts/day, 0/2 = 0.269 
trophonts/day (Table II), and dinospore dose = 141,010 dinospores/fish 
(observed LDso). Modeled trophont lethal load for spotted seatrout is 
129,867, whereas observed trophont lethal load is 178,067. Modeled 
trophont lethal load for red snapper is 78,627, whereas observed trophont 
lethal load is 123,160. 
detachment seems to be an important factor in the progression of the 
parasite's life cycle. Furthermore, the differences in trophont 
detachment between spotted seatrout and red snapper identified in 
this study contribute to the apparent differences in tolerance between 
the 2 host species. Ultimately, reproductive success is linked to both 
the size of the trophont and the number of dinospores that in turn, is 
linked to the time the trophont spends on the host and the number of 
trophonts the host can tolerate. These simple models for the 
detachment pattern of trophonts therefore provide critical informa-
tion that forms the basis for an epidemiological treatment of 
amyloodiniosis that will be presented in a separate paper. 
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NEW SPECIES OF DEMIDOSPERMUS (MONOGENEA: DACTYLOGYRIDAE) OF PIMELODID 
CATFISH (SILURIFORMES) FROM PERUVIAN AMAZONIA AND THE REASSIGNMENT OF 
UROCLEIDOIDES LEBEDEVI KRITSKY AND THATCHER, 1976 
Carlos A. Mendoza-Palmero and Tomas Scholz 
Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic, Branisovska 31, 370 05 Ceske Budejovice, 
Czech Republic. e-mail: cmpamtheus@yahoo.es 
ABSTRACT: Three new species of Demidospermus Suriano, 1983 were found in mixed infections on the gills of 4 pimelodid catfish 
collected in the Amazon River basin around Iquitos, Peru, namely, Demidospermus peruvian us n. sp, from Pimelodus ornatus Kner, 
Pimelodus blochii Valenciennes, Pimelodus sp, (type host), and an unidentified pimelodid, Demidospermus peruvianus n, sp, (type host, 
Pimelodus sp.) is characterized by the presence of the male copulatory organ with 2 lateral, thickened projections, and the vagina with a 
loop at its middle. Demidospermus curvovaginatus n. sp, from P, ornatus, Pimelodus sp, (type host), and Pimelodidae gen, sp. differs 
from its congeners by the presence of a funnel-shaped vagina directed posteriorly and a male copulatory organ with a small lateral 
projection at its base. Demidospermus striatus n, sp. from p, blochii and Pimelodus sp, (type host) is distinguished by a cup-shaped 
vagina with conspicuous ridges at the perimeter of the aperture with a short tube directed anteriorly. In addition, Urocleidoides lebedevi 
Kritsky and Thatcher, 1976, a parasite originally described from the gills of Pimelodus grosskopfii (type host) from Colombia, is 
transferred to Demidospermus, based on morphological characters that we observed in type specimens, 
The Pimelodidae (the long-whiskered catfishes sensu Lundberg 
and Littmann, 2003) is a monophyletic group of primary freshwater 
fish represented by more than 90 species, with its highest diversity in 
the Amazon, Parana, and Orinoco River basins (Lundberg and 
Littmann, 2003), Pimelodids harbor the richest diversity of 
monogeneans of all siluriform fish in South America; as many as 
42 monogeneans have been recorded from these fish. Demidosper-
mus Suriano, 1983 is the most specious genus, with 20 species found 
on pimelodids (and 24 in total). Other genera found on pimelodids 
are Ameloblastella Kritsky, Mendoza-Franco and Scholz, 2000 with 
5 species reported from these fish; Vancleaveus Kritsky, Thatcher 
and Boeger, 1986 with 3 species on pimelodids; Cosmetocleithrum 
Kritsky, Thatcher and Boeger, 1986; Pavanelliela Kritsky and 
Boeger, 1998; and Unibarra Suriano and Incorvaia, 1995 with I 
species each. A total of 24 species (including 3 new species described 
and I relocated in this article) of Demidospermus have been 
described from the gills of pimelodids, auchenipterids, and 
loricariids from Argentina, Brazil, and Peru (Thatcher, 2006; 
Chemes et a!., 2008; Cohen and Kohn, 2008; Mendoza-Franco 
and Scholz, 2009; Cepeda and Luque, 2010; de Castro-Tavernari et 
a!., 2010; Ferrari-Hoeinghaus et a!., 2010; Monteiro et a!., 2010). 
Demidospermus was critically reviewed by Kritsky and Gutierrez 
(1998), who also amended the generic diagnosis. In this article, we 
accepted that concept of Demidospermus. 
Other dactylogyrids from pimelodids have been described in 
South America as members of Urocleidoides Mizelle and Price, 
1964, namely, Urocleidoides amazonensis Mizelle and Kritsky, 
1969 and Urocleidoides catus Mizelle and Kritsky, 1969, both 
species from Phractocephalus hemiliopterus (Bloch and Schneider, 
1801), Urocleidoides lebedevi Kritsky and Thatcher, 1976 from 
Pimelodus grosskopfii Steindachner, 1879, and Urocleidoides 
megorchis Mizelle and Kritsky, 1969 from Sorubim lima (Bloch 
and Schneider, 1801). However, Kritsky et a!. (1986) considered 
them as incertae sedis, Moreover, Amphocleithrum paraguayensis 
Price and Romero, 1969 was described from the pimelodids 
Pseudoplatystoma corruscans (Spix and Agassiz, 1829) and 
Pseudoplatystoma sp. (Price and Romero, 1969), 
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Here, we describe 3 new species of Demidospermus collected 
from pimelodids in Iquitos, Province of Loreto, Peru. In addition, 
U. lebedevi is transferred to Demidospermus based on our 
evaluation of its type specimens. 
MATERIALS AND METHODS 
Several research expeditions carried out by researchers of the Institute of 
Parasitology, Czech Republic (Academy of Sciences ofthe Czech Republic) to 
Iquitos, Province of Loreto, Peru, focused on the helminth parasites of catfish, 
were conducted from 2004 to 2009, The hosts were collected by local 
fishermen, purchased at local markets, or obtained from ornamental fish 
companies. Gills excised from fish were immediately placed in Petri dishes with 
tap water and examined for monogeneans with the use of a dissecting 
microscope. Monogeneans found were fixed in a mixture of glycerin-
ammonium picrate (GAP) to study sclerotized structures (Ergens, 1969). 
After morphological evaluation, the specimens fixed in GAP were remounted 
in Canada balsam following the procedure of Ergens (1969). Other specimens 
were fixed in hot formalin 4%, stained with Gomori's trichrome, and mounted 
in Canada balsam in order to study internal organs, All measurements are 
expressed in micrometers and represent the greatest distance between 2 points, 
They are presented as the mean followed by the range and number (n) in 
parentheses, The total length for haptoral bars was considered as the total of 
the distances A, B, C, D, and E (see Fig. 7), and the distance between the ends 
was considered as the distance between the points A and E (see Fig. 7). 
Drawings were made with aid of an Olympus BX51 microscope (Olympus 
Corporation, Tokyo, Japan) equipped with a drawing tube. Numbering of 
hook pairs followed Mizelle (1936). For comparative purposes, the following 
specimens deposited in the United States National Parasite Collection, 
Beltsville, Maryland (USNPC) and in the Helminthological Collection, 
Institute of Parasitology, Ceske Budejovice, Czech Republie (IPCAS) were 
examined in order to verify data from the original descriptions: Demidos-
permus anus Suriano, 1983 (USNPC 87159, 2 vouchers); Demidospermus 
armostus Kritsky and Gutierrez, 1998 (USNPC 87144, 3 paratypes) and D, 
armostus (USNPC 102359, 3 vouchers); Demidospermus bidiverticulatum 
(Suriano and Incorvaia, 1995) Kritsky and Gutierrez, 1998 (USNPC 87147, 5 
vouchers; USNPC 102364, 2 vouchers); Demidospermus eentromoehli 
Mendoza-Franco and Scholz, 2009 (USNPC 101538, 1 paratype; IPCAS 
M-483/1, I paratype); Demidospermus eornieinus Kritsky and Gutierrez, 1998 
(USNPC 87156, 4 paratypes); Demidospermus idolus Kritsky and Gutierrez, 
1998 (USNPC 87152, 2 paratypes); Demidospermus leptosynophallus Kritsky 
and Gutierrez, 1998 (USNPC 87150, 4 paratypes); Demidospermus luekyi 
(Kritsky, Thatcher and Boeger, 1987) Kritsky and Gutierrez, 1998 (USNPC 
78795, I paratype); Demidospermus maeropteri Mendoza-Franco and Scholz, 
2009 (USNPC 101542, I paratype); Demidospermus majuseulus Kritsky and 
Gutierrez, 1998 (USNPC 87154, 3 paratypes); Demidospermus paravalencien-
nesi Gutierrez and Suriano, 1992 (USNPC 102366, 2 vouchers); Demidos-
permus pinirampi (Kritsky, Thatcher and Boeger, 1987) Kritsky and Gutierrez, 
1998 (USNPC 78798, 2 paratypes); Demidospermus uneusvalidus Gutierrez 
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FIGURES 1- 12. Demidospermus peruvianus n. sp. from Pimelodus ornatus. (1) Whole mount (composite, ventral view). (2) Hook pair I. (3) Hook pairs 
3-6. (4) Hook pair 2. (5) Hook pair 7. (6) Copulatory complex (ventral view). (7) Ventral bar (A, B, C, D, and E = total length of the bar; A, E = 
distance between ends). (8) Vagina. (9). Dorsal bar. (10) Egg. (11) Ventral anchor. (12) Dorsal anchor. All figures are drawn in 20-~m scale, except 
Figures I (100 ~m) and 10 (50 ~m). 
and Suriano, 1992 (USNPC 87148, 3 vouchers; USNPC 102367, 4 vouchers); 
Demidospermus valenciennesi Gutierrez and Suriano, 1992 (USNPC 87157, 5 
vouchers); Urocleidoides lebedevi Kritsky and Thatcher, 1976 (USNPC 73279, 
4 paratypes). Type and vouchers specimens of new species proposed in the 
present study were deposited in the parasitological collection of the Institute of 
Parasitology, Ceske Budejovice, Czech Republic (IPCAS), United States 
National Parasite Collection, Beltsville, Maryland (USNPC), and in The 
Natural History Museum, London, U.K. (BMNH) as indicated in the 
following descriptions. Scientific names of hosts are those provided by 
FishBase (Froese and Pauly, 2010). 
DESCRIPTIONS 
Demidospermus peruvian us n. sp. 
(Figs. 1-12) 
Description (based on 6 specimens fixed in GAP and 13 hot formalin-
fixed specimens stained with Gomori's trichrome): Body elongated, 375 
(285-487; n = 11) long; greatest width 78 (53- 115; n = 12) at level of 
ovary. Cephalic margin broad; cephalic lobes moderately developed, 3 
bilateral pairs of head organs; cephalic glands indistinct. Two pairs of 
eyespots located anterior to pharynx, posterior pair closer together than 
anterior pair; few spherical granules scattered throughout cephalic region. 
Pharynx subspherical, 23 (18-31; n = 13) in diameter; esophagus short, 
intestinal ceca confluent posterior to gonads. Peduncle broad; haptor 
subpentagonal, 53 (47-65; n = 10) long, 84 (74-90; n = 10) wide, with 2 
bilateral posterior glandular patches (sensu Kritsky and Gutierrez, 1998). 
Anchors similar, each with moderately developed superficial root, short 
deep root, short and straight shaft, and elongated straight point, base of 
dorsal anchor narrower than in ventral anchor; ventral anchor 21 (19-22; 
n = 12) long, base 12 (11- 14; n = II) wide, dorsal anchor 20 (18-21; n = 
(2) long, base 10 (9-11; n = II) wide. Ventral bar U to W shaped, 62 (54-
73; n = (5) total length, distance between ends 49 (40-68; n = 15). Dorsal 
bar V shaped, robust with attenuated ends, 57 (51-61; n = 10) total length, 
distance between ends 43 (30-53; n = 10). Hooks different in shape and 
size; pair I longest, with curved point and straight shaft, flattened thumb, 
expanded shank tapered proximally, filamentous hooklet (FH) loop about 
half of shank length; pair 2 shortest, with curved point and straight shaft, 
depressed thumb, slightly expanded shank proximally, FH loop about half 
of shank length; pairs 3- 6 equal in shape and size, with slightly curved 
point and delicate shaft, slightly expanded shank proximally, protruding 
and depressed thumb, delicate shank and FH loop about shank length; 
pair 7 longer than pairs 2-6, with curved point and straight shaft, thumb 
highly depressed, stout shank through its length, FH loop about half of 
shank length; hook pair 1,20 (18-20; n = 17) long; pair 2, 13 (12-14; n = 
17) long; pairs 3-6,14 (13-15; n = 14) long; pair 7, 16 (15- 17; n = 10) long. 
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Male copulatory organ (MCO) 31 (27-36; n = 5) long, a curved tube 
forming an open U, forming incomplete ring; MCO base with small 
concavity at its middle, and 2 projections at base, I projection with 
supporting process. Accessory piece 25 (23-26; n = 3) long, rod shaped with 
groove along its length serving as guide of MCO distally. Gonads in 
tandem, ovary pretesticular; testis 68 (41-100; n = 7) long, 28 (19-46; n = 7) 
wide; vas deferens not observed; seminal vesicle a distal dilatation of vas 
deferens, I prostatic reservoir located posteriorly to MCO, and other group 
of cells located anteroventral of MCO. Ovary 45 (31-63; n = 7) long, 28 
(21-42; n = 7) width; oviduct, ootype, uterus not observed. Egg with a 
posterior short filament, 83 (n = I) long, 52 (n= I) wide. Vaginal aperture 
sinistral, sci erotized, funnel shaped with a small loop at its middle part, 
continues through nonsclerotized duct emptying to seminal receptacle; 
seminal receptacle fusiform, slightly bent over itself, and overlapped with 
anterior part of ovary. Vitelline follicles coextensive with intestinal ceca. 
Taxonomic summary 
Type host: Pimelodus ornatus Kner, 1858 (Siluriformes: Pimelodidae) 
(host field number PI 104a, b). 
Site of infection: Gills. 
Type locality: Iquitos, Peru, 22 April 2004. 
Other hosts and localities: Pimelodus sp. (field number PI 106a) and P. 
blochii Valenciennes, 1840 (field number PI 67a) collected in Iquitos, Peru, 
22 April 2004, and Pimelodidae gen. sp. (field number PI 540-5) collected 
in Santa Clara, Iquitos, Peru, 4 October 2008. 
Specimens deposited: Holotype IPCAS M-515, 3 paratypes, and 5 
vouchers, USNPC 2 paratypes 104542 and 2 vouchers 104543-4, BMNH 2 
paratypes 2011.3.31.1-2, and 2 vouchcrs 2011.3.31.3-4. 
Etymology: The name is after the country where the species was found. 
Remarks 
Demidospermus peruvianus n. sp. is characterized by morphology of its 
MCO, especially by having 2 projections originated from the base of MCO 
(Fig. 6), funnel-shaped vagina without ridges at the vaginal vestibule, 
presence of a loop at the middle of the vaginal canal (Fig. 8), and of hooks 
dilIerent in shape and size (Figs. 2-5). Demidospermus peruvianus n. sp. 
shares the presence of projections at MCO base with D. leptosynophallus 
Kritsky and Gutierrez, 1998 and D. macropleri Mendoza-Franco and 
Scholz, 2009. However, 1 projection is connected to the base of MCO by a 
process in D. peruvianus, whereas those projections are not supported by 
processes in D. leptQ!,ynophallus and D. macropteri. Demidospermus 
valenciennesi Gutierrez and Suriano, 1992, D. uncusvalidus Gutierrez and 
Suriano, 1992, D. majusculus Kritsky and Gutierrez, 1998, D. leptosyno-
phallus Kritsky and Gutierrez, 1998, D. armostus Kritsky and Gutierrez, 
1998, D. idolus Kritsky and Gutierrez, 1998, D. paravalenciennesi 
Gutierrez and Suriano, 1992, D. macropteri, D. bidiverticulatum (Suriano 
and Incoravia, 1995) Kritsky and Gutierrez, 1998, and D. cornicinus 
Kritsky and Gutierrez, 1998, possess a sclerotized vaginal aperture, but 
none of them has a loop in the middle of the vaginal canal. The new 
species shares a similar morphology of hooks with D. valenciennesi, D. 
uncusvalidus, D. majusculus, D. leptosynophallus, D. armostus, D. idolus, D. 
paravalenciennesi, and D. cornicinus. In D. uncusvalidus, D. majusculus, 
and D. leptO!,ynophallus, hook pairs I and 2 have a stout shank, composed 
of 2 subunits, whereas those of D. peruvianus are less stout and arc 
composed by a single unit (see Figs. 2, 4). In D. uncusvalidus, D. 
majusculus, and D. leptosynophallus, their tips of the points of anchors are 
curved, whereas those in D. peruvianus are not curved (see Figs. 11, 12). 
Demidospermus curvovaginatus n. sp. 
(Figs. 13, 14, 16-20, 22-26). 
Description (based on 8 specimensfixed in GA P and 7 hot formalin-fixed 
specimens stained lVith Gomori's trichrome): Body fusiform, 272 (230-344; 
n = 7) long, greatest width 59 (50-74; n = 7) at level of ovary. Cephalic 
margin broad, cephalic lobes slightly developed; 3 bilateral head organs; 
cephalic glands indistinct. Eyespots 4, posterior pair larger and closer 
together than anterior pair; accessory granules uncommon or absent. 
Pharynx subspherical, 18 (14-22; n = 7) in diameter; esophagus short; 
intestinal ceca confluent posterior to testis. Peduncle broad; haptor 
subhexagonal, 41 (33-50; n = 6) long, 56 (42-72; n = 7) wide, bilateral 
glandular patches absent. Anchors similar, each with poorly developed 
roots, shaft and point evenly curved, extending beyond anchor base; 
ventral anchor 19 (17-20; n = 13) long, base 10 (9-11; n = 13) wide; dorsal 
anchor 17 (16-19; n = 13) long, base 9 (9-10; n = 13) wide. Ventral bar W 
shaped with small bumps on anterior margins near its ends, 50 (47-52; n = 
10) total length, distance between ends 42 (39-47; n = 10). Dorsal bar V 
shaped, 42 (39-46; n = 10) total length, distance between ends 33 (26-41; n 
= 10). Hook pair I longest, with curved point, heavy shaft, and strongly 
depressed thumb, stout shank, FH loop about 90% of shank; pair 2 
shortest, with curved shaft and point, protruding thumb, proximal bean-
shaped termination of shank, FH loop about shank length; pair 3, 4, and 6 
similar in shape and size, with curved shaft and point, protruding thumb, 
thin shank, slightly expanded proximally, FH loop approaching shank 
length; pair 5 with straight shaft and open point, delicate shank, slightly 
expanded proximally, FH loop 80% shank length; pair 7 with curved shaft 
and point, flattened and slightly protruding thumb, expanded shank, FH 
loop about 60% shank length. Hook pair I, 19 (17-21; n = 13) long; pair 
2, II (11-12; n = 13) long; pairs 3, 4, and 6, 14 (13-15; n = 12) long; pair 
5,13 (11-14; n = 12) long; pair 7,16 (15-18; n = 13) long. MCO 33 (28-
41; n = 12) long, coiled tube J shaped, forming an incomplete ring, 
ellipsoid base with conspicuous lateral projection. Accessory piece 23 (20-
26; n = 12) long, rod-shaped tube slightly expanded distally, serving as guide 
of MCO. Gonads in tandem, ovary pretesticular; testis 55 (40-70; n = 2) 
long, 22 (18-25; n = 2) wide; seminal vesicle a distal dilatation of vas 
deferens; prostatic reservoir not observed. Ovary 28 (n = I) long, 17 (n = 1) 
wide; oviduct, ootype, and uterus not observed. Vaginal aperture sinistral, 
near level of copulatory complex; vaginal vestibule smooth, sclerotized, 
funnel shaped, with elongated curved end directed posteriorly leading to 
subspherical seminal receptacle located anterior to ovary. Vitellaria densely 
scattered throughout trunk, except around reproductive organs. 
Taxonomic summary 
Type host: Pimelodus sp. (Siluriformes: Pimelodidae) (field number PI 
113a, b). 
Site of infection: Gills. 
Type locality: Iquitos, Peru, 24 April 2004. 
Other hosts and localities: Pime/odus sp. (field number PI 104 a, b) 
collected in Iquitos, Peru, 24 April 2004, and Pimelodidae gen. sp. (field 
number PI 540-5) collected in Santa Clara, Iquitos, Peru, 4 October 2008. 
Specimens deposited: Holotype IPCAS M-513, 4 paratypes and I 
voucher, USNPC I paratype 104545, and 3 vouchers 104546-7, BMNH I 
paratype 2011.3.31.5, and 4 vouchers 2011.3.31.6-9. 
Etymology: The name of the species refers to a typical shape of the 
vagina, which is proximally curved. 
Remarks 
Based on the shape and size of anchors and bars, morphology of hooks 
and the copulatory complex (see Figs. 14, 16-19,22-26), D. curvovaginatus 
n. sp. most closely resembles D. paravalenciennesi, a species described from 
Pimelodus clarias in Rio de La Plata, Argentina (Gutierrez and Suriano, 
1992) and then redescribed by Kritsky and Gutierrez (1998). Both species 
can be distinguished by the following characteristics: the base of the MCO 
presents a conspicuous lateral projection in D. curvovaginatus (Fig. 14), 
whereas it is absent in D. paravalenciennesi (see Fig. 15 MCO of the voucher 
specimen USNPC 102366). The MCO of D. paravalenciennesi is more coiled 
than that of D. curvovaginatus n. sp. and the base is wider, as we confirmed 
by examination of voucher specimens of the former species (Fig. 15; see also 
Gutierrez and Suriano, 1992 and Kritsky and Gutierrez, 1998). In addition, 
the vaginal opening is sclerotized in D. curvovaginatus n. sp. (Fig. 20), 
whereas that of D. paravalenciennesi is only weakly sci erotized and the 
vaginal canal vestibule does not form a funnel-shaped structure with a 
curved end directed posteriorly (see Fig. 21 vagina of the voucher specimen 
USNPC 102366) as in D. curvovaginatus (see Figs. 13,20). 
Demidospermus striatus n. sp. 
(Figs. 27-39) 
Description (based on 8 specimens fixed in GAP and 25 hot formalin-
fixed specimens stained with Gomori's trichrome): Body elongated, 
fusiform, 302 (223-414; n = 14) long, greatest width 69 (42-87; n = 18) 
near midlength. Cephalic margin broad; cephalic lobes poorly developed; 
3 bilateral head organs; cephalic glands indistinct. Eyespots 4, posterior 
pair larger and closer together than anterior pair; few accessory granules 
in cephalic region. Pharynx subspherical, 22 (19-24; n = 18) in diameter; 
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FIGURES 13-26. Demidospermus curvovaginatus n. sp. from Pimelodus sp. (type host). (13) Whole mount (composite, ventral view). (14) Copulatory 
complex (ventral view). (15) Copulatory organ of Demidospermus paravalenciennesi (USNPC 102366). (16) Ventral bar. (17) Dorsal bar. (18) Ventral 
anchor. (19) Dorsal anchor. (20) Vagina. (21) Vagina of D. paravalenciennesi (USN PC 102366). (22) Hook pair I. (23) Hook pair 2. (24) Hook pairs 3,4, 
6. (25) Hook pair 5. (26) Hook pair 7. All figures are drawn in 20-~m scale, except Figure 13 (100 ~m). 
esophagus indistinct; intestinal ceca confluent posterior to testis. Peduncle 
broad; haptor subhexagonal, 46 (39-56; n = 12) long, 70 (62-80; n = II) 
wide, 2 bilateral glandular patches well developed, situated at posterior 
margin. Ventral anchor 19 (17-21; n = 19) long, with elongated tapered 
superficial root, short shaft, straight point extending slightly beyond anchor 
base, base 11 (9-13; n = 19) wide; dorsal anchor 19 (16--20; n = 18) long, 
moderately developed superficial root, short deep root, with straight shaft 
and point, point barely extending of anchor base, base 10 (9-11; n = 18) wide. 
Ventral bar W shaped, with slightly expanded ends, 49 (46--52; n = 8) total 
length, distance between ends 43 (37-47; n = 8). Dorsal bar V shaped, 44 (41-
46; n = 9) total length, distance between ends 34 (30-38; n = 9). Hook pair I 
longest, with curved point and stout shaft, flattened thumb, expanded shank 
tapering proximally, FH loop about half of shank length; pair 2 shortest, with 
curved shaft and point, protruding thumb, slightly expanded shank with 
proximal bean-shaped termination of shank, FH loop about shank length; 
pairs 3-5 similar in shape and size, with straight shaft and open point, 
protruding thumb, slightly expanded shank proximally, FH loop about three-
quarters of shank length; pair 6 slightly shorter than others, with short shaft 
and point, protruding thumb, slightly expanded shank proximally, FH loop 
about shank length; pair 7 with stout shaft and short point, flattened thumb, 
expanded shank tapered proximally, FH loop about half of shank length. 
Hook pair 1,20 (19-21; n = 18) long; pair 2,11 (10-13; n = 19) long; pairs 3-
5, 14(13-15;n = 15) long; pair 6, 13(l2-13;n = 11) long; pair 7, 17(16--18; 
n = 19) long; MCO 24 (22-26; n = 9) long, G shaped with incomplete ring, 
suboval base with lateral projection. Accessory piece 20 (19-23; n = 9) long, 
comprising simple sheath supporting MCO distally. Gonads in tandem, 
ovary pretesticular; testis 63 (41-83; n = 10) long, 34 (22-45; n = 10) wide; 
seminal vesicle a distal dilatation of vas deferens; prostatic reservoir located 
anteroventral of MCO. Ovary 37 (27-45; n = 14) long, 27 (19-33; n = 13) 
wide; oviduct, ootype, uterus not observed. Vaginal aperture sinistral, 
sclerotized, with ridges at opening, cup shaped, ending in a short tube directed 
anteriorly, and opening into suboval seminal receptacle by a nonsclerotized 
conduct; seminal receptacle anterior to ovary. Vitellaria scattered throughout 
trunk, absent in region of reproductive organs. 
Taxonomic summary 
Type host: Pimelodus sp. (Siluriformes: Pimelodidae) (field number PI 
112a). 
Site of infection: Gills. 
Type locality: Iquitos, Peru, 24 April 2004. 
Other hosts and localities: Pimelodus blochii (field number PI 67a) 
collected in Iquitos, Peru, 20 April 2004. 
Specimens deposited: Holotype IPCAS M-514, 3 para types, and 6 
vouchers, USNPC 2 paratypes 104548, and 2 vouchers 104549, BMNH 2 
paratypes 2011.3.31.10-11, and 2 vouchers 2011.3.31.12-13. 
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FIGURES 27-39. Demidospermus striatus n. sp. from Pimelodus sp. (type host). (27) Whole mount (composite, ventral view). (28) Ventral anchor. (29) 
Copulatory complex (ventral view). (30) Dorsal anchor. (31) Vagina from a stained specimen. (32) Vagina from a glycerin-ammonium picrate-mounted 
specimen. (33) Ventral bar. (34) Dorsal bar. (35) Hook pair I. (36) Hook pair 2. (37) Hook pair 6. (38) Hook pairs 3-5. (39) Hook pair 7. All figures are 
drawn in 20-llm scale, except Figure 27 (100 Ilm). 
Etymology: The name of species refers to presence of ridges at the 
vaginal opening. 
Remarks 
Demidospermus striatus n. sp. possesses ridges on the vaginal aperture 
(Figs. 31, 32), similar to D. armostus and D. cornicinus, but they differ 
from D. striatus n. sp. by the morphology of copulatory complex. In D. 
striatus n. sp. the MCO is G shaped, with an incomplete ring, and suboval 
base with a lateral projection (Fig. 29), whereas in D. armostus the MCO is 
an elongated cone, sigmoid distally, and in D. cornicinus the MCO is 
distally bifurcated. Demidospermus striatus and D. curvovaginatus show a 
similar shape of the copulatory complex (see Figs. 14, 29), both ventral 
and dorsal anchors and bars (Figs. 16-19, 28, 30, 33, 34, respectively) and 
hooks (see Figs. 22-26, 35-39, respectively). It is possible to distinguish 
both species on the basis of the morphology of the vagina, which is a 
funnel-shaped tube without ridges at the aperture, ending in a delicate 
tube directed posteriorly in D. curvovaginatus (Fig. 20), whereas that of D. 
striatus is cup shaped, with ridges on the aperture, and continues in a short 
tube directed anteriorly (Figs. 31, 32). 
Demidospermus /ebedevi (Kritsky and Thatcher, 1976) n. comb. 
Synonym: Urocleidoides lebedevi Kritsky and Thatcher, 1976. 
Site of infection: Gills. 
Host and localities: Pimelodus grosskopfii (type host) collected from Rio 
Cauca, Juanito, Valle, Cali (type locality), and Rio Frio near Tulua, Valle, 
both in Colombia. 
Specimens studied: Urocleidoides lebedevi (USNPC 73279, 4 paratypes). 
Remarks 
Urocleidoides lebedevi Kritsky and Thatcher, 1976 was originally 
described from the gills of P. grosskopfii from Colombia. After the 
revision of Urocleidoides, Kritsky et al. (1986) concluded that U. lebedevi 
should not be placed in Urocleidoides. Based on our re-evaluation of 
paratypes (USNPC 73279, 4 paratypes), we found that morphology of the 
MCO with a counterclockwise coil, sheath-like accessory piece, V-shaped 
haptoral bars, hook pairs different in shape and size, sinistral vagina, 
gonads in tandem, and the presence of 4 eyespots (posterior pair being 
closer together than the anterior pair), place this species in Demidospermus 
(sensu Kritsky and Gutierrez, 1998). Kritsky and Thatcher (1976) 
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illustrated (their Fig. 1) and described the intestinal crura blind, unlike 
those in species of Demidospermus, which have the intestinal ceca 
confluent posterior to gonads. The poor quality of specimens studied 
precluded us from observing the end of the intestine; however, the features 
mentioned above justify the transference of U. lebedevi to Demidospermus 
as Demidospermus lebedevi (Kritsky and Thatcher, 1976) n. comb. 
DISCUSSION 
This work represents the second report of monogeneans 
parasitizing pimelodid catfishes in Peruvian Amazonia (Men-
doza-Franco and Scholz, 2009). Three new species of Demido-
spermus were found in mixed infections, i.e., D. peruvianus on P. 
ornatus, P. blochii, Pimelodus sp., and Pimelodidae gen. sp., D. 
curvovaginatus on P. ornatus, Pimelodus sp., and Pimelodidae gen. 
sp., and D. striatus on P. blochii and Pimelodus sp. These hosts 
were heavily infected with those 3 species of Demidospermus 
mentioned above, and other unidentified species of monogeneans; 
therefore, it was not possible to estimate prevalence or abundance 
for any of the monogenean species. For the first time, the presence 
of monogeneans on P. blochii and P. ornatus was recorded. 
Identification of a type host for D. peruvianus, D. curvovaginatus, 
and D. striatus to the species level was not possible because of the 
great diversity of pimelodid catfishes in the Amazon River basin, 
and still an unresolved taxonomic problem for this fish group (M. 
Mortenthaler, pers. comm.). 
We found that D. peruvianus and D. curvovaginatus share a similar 
morphology for the male copulatory organ, anchorlbar complexes, 
and hook pairs; moreover, these species were found to infect the 
same host (referred as Pimelodidae gen. sp. field number PI 540-3) at 
the same locality. However, they can be clearly distinguished from 
each other based on the morphology of the vagina. The shared 
features mentioned above may indicate a close relationship between 
both species; nevertheless, phylogenetic studies on species of 
Demidospermus, including those three described in this work, are 
necessary to confirm their apparent close relatedness. 
To date, a total of 24 species of Demidospermus (3 new 
described and 1 species transferred to Demidospermus in this 
article) have been described from 21 catfish species of Pimelodi-
dae, Auchenipteridae, and Loricariidae. Most species have been 
recorded from the Rio de la Plata and Rio Salado del Norte rivers 
in Argentina (8 and 1 species, respectively), the Amazon River 
basin around Iquitos in Peru (5 species), and in the Parana River 
basin in Brazil (4 species). The others have been recorded from 
Laguna de Chascomus, and the Rio Uruguay in Argentina (1 
species each), Rio Sao Francisco and Lago Januauca in Brazil (1 
species each), and the Rio Cauca and Rio Frio rivers in Colombia 
(1 species). 
Our findings, as well as previous data based on recent studies 
carried out in the Peruvian part of the Amazon River (Mendoza-
Franco and Scholz, 2009; Mendoza-Franco et aI., 2010), show 
that cichlids and pimelodids from this region harbor a very rich 
fauna of dactylogyrids composed by species of Ameloblastella (1 
species), Demidospermus (5 species in total, with 3 described as 
new for science in the present article), Gussevia Kohn and 
Papema, 1964 (5 species), Sciadicleithrum Kritsky, Thatcher and 
Boeger, 1989 (2 species), and Tucunarella Mendoza-Franco, 
Scholz and Rozkosna, 2010 (1 species). 
The knowledge of the monogenean fauna of siluriform fishes in 
the Neotropical region is still fragmentary, but data presented in 
this article indicate extraordinary but still poorly known richness 
of species of Demidospermus infecting pimelodid fish. The 
presence of some species of Demidospermus on pimelodids, 
auchenipterids, and loricariids, which are not closely related 
phylogenetically (see Sullivan et aI., 2006, and references therein), 
poses an interesting question about the evolutionary history of 
species of Demidospermus in the Neotropics. 
ACKNOWLEDGMENTS 
The authors are indebted to Martin Mortenthaler, Aurora Ramirez 
Aricara and their staff from the Aquarium Rio Momon in Iquitos for 
providing facilities during sampling stays of the present authors. Invaluable 
help of Roman Kuchta, Institute of Parasitology, Ceske Budejovice, Czech 
Republic, with dissection of fish in Iquitos is also greatly appreciated. This 
work, which forms a part of Ph.D. studies of the senior author (C.AM.P.), 
was supported by the Institute of Parasitology (projects Z60220518, and 
LC522) and Czech Science Foundation (project 206/08/H026). Thanks are 
also due to M. Borovkova (Institute of Parasitology) for her help in 
preparing slides. E. P. Hoberg and P. Pilitt (USPNC) kindly lent us 
specimens of monogeneans from their collection. Richard Klee (University 
of South Bohemia) reviewed the English of the manuscript. The comments 
of 2 anonymous referees are greatly appreciated. The senior author thanks 
CONACyT, Mexico (scholarship number 192899). 
LITERATURE CITED 
CEPEDA, B. P., AND J. L. LUQUE. 2010. Three new species of 
Demidospermus (Monogenea: Dactylogyridae) parasitic on Brachy-
platystoma jilamentosum (Siluriformes: Pimelodidae) from the Ara-
guaia River, Brazil. Journal of Parasitology 96: 869-973. 
CHEMES, S. B., R. M. TAKEMOTO, AND R. G. SOTIINI. 2008. Comunidad de 
Monogenea en las branquias de Pimelodus albicans (Valenciennes, 
1840) en el rio Salado del Norte, San Justo (Santa Fe, Argentina). 
Parasitologia Latinoamericana 63: 51-57. 
COHEN, S. C., AND A KOHN. 2008. New data on species of Demidospermus 
(Dactylogyridae: Monogenea) parasitizing fishes from the reservoir 
of the Itaipu hydroelectric power station, Parana State, Brazil, with 
new synonymies. Revista Brasileira de Parasitologia Veterinaria 17: 
167-170. 
DE CASTRO-TAVERNARI, F., R. M. TAKEMOTO, A. C. FIGUEIREDO-LACERDA, 
AND G. C. PAVANELLI. 2010. A new species of Demidospermus 
Suriano, 1983 (Monogenea) parasite of gills of Auchenipterus 
osteomystax (Auchenipteridae), from the upper Parana River 
floodplain, Brazil. Acta Scientarium 32: 79-81. 
ERGENS, R. 1969. The suitability of ammonium picrate-glycerin in preparing 
slides oflower Monogenoidea. Folia Parasitologica 16: 320. 
FERRARI-HoEINGHAUS, A P., S. BELLAY, R. M. TAKEMOTO, AND G. C. 
PAVANELLI. 2010. A new species of Demidospermus Suriano, 1983 
(Monogenea, Dactylogyridae) parasitic on Loricariichthys platymeto-
pon Isbriicker et Nijssen (Loricariidae, Siluriformes) from the Upper 
Parana River floodplain, Brazil. Acta Parasitologica 55: 16-19. 
FROESE, R., AND D. PAULY. 2010. FishBase. Available at: http://www. 
fishbase.org, version 09/2010. Accessed 24 September 2010. 
GUTIERREZ, P. A., AND D. M. SURIANO. 1992. Ancyrocephalids of the 
genus Demidospermus Suriano, 1983 (Monogenea) parasites from 
siluriform fishes in Argentina, with descriptions of three new species. 
Acta Parasitologica 37: 169-172. 
KRITSKY, D. C., AND P. A GUTIERREZ. 1998. Neotropical Monogenoidea. 
34. Species of Demidospermus (Dactylogyridae, Ancyrocephalinae) 
from the gills of pimelodids (Teleostei, Siluriformes) in Argentina. 
Journal of the Helminthological Society of Washington 65: 147-159. 
---, AND V. E. THATCHER. 1976. New monogenetic trematodes from 
freshwater fishes of Western Colombia, with the proposal of 
Anacanthoroides gen. n. (Dactylogyridae). Proceedings of the 
Helminthological Society of Washington 43: 129-134. 
---, ---, AND W. A. BOEGER. 1986. Revision of Urocleidoides 
(Dactylogyridae, Ancyrocephalinae). Proceedings of the Helmintho-
logical Society of Washington 53: 1-37. 
LUNDBERG, J. G., AND M. W. LITTMANN. 2003. Family Pimelodidae (Long-
whiskered catfishes). In Check list of the freshwater fishes of South 
and Central America, R. E. Reis, S. O. Kullander, S. 0., and C. J. 
Ferraris, Jr. (eds.). EDIPUCRS, Porto Alegre, Brazil, p. 432-446. 
592 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.4, AUGUST 2011 
MENDOZA-FRANCO, E. F., AND T. SCHOLZ. 2009. New dactylogyrids 
(Monogenea) parasitizing the gills of catfish (Siluriformes) from 
the Amazon River basin in Peru. Journal of Parasitology 95: 
865-870. 
---, ---, AND P. ROZKOSNA. 2010. Tucunarella n. gen. and other 
dactylogyrids (Monogenoidea) from cichlid fish (Perciformes) from 
Peruvian Amazonia. Journal of Parasitology 96: 491-498. 
MIZELLE, J. D. 1936. New species of trematodes from the gills of Illinois 
fishes. American Midland Naturalist 17: 785-806. 
MONTEIRO, C. M., D. C. KRITSKY, AND M. C. BRASIL-SATO. 2010. Neotropical 
Monogenoidea. 55. Dactylogyrids parasitising the pintado-amarelo 
Pimelodus maculatus Lacepooe (Actynopterygii: Pimelodidae) from the 
Rio Sao Francisco, Brazil. Systematic Parasitology 76: 179-190. 
PRICE, C. E., AND N. G. ROMERO. 1969. First account of a monogenetic 
trematode from Paraguay: Amphocleithrum paraguayensis n. gen., n. 
sp. Zoologische Jahrbiicher 96: 449-452. 
SULLIVAN, J. P., J. G. LUNDBERG, AND M. HARDMAN. 2006. A phylogenetic 
analysis of the major groups of catfishes (Te1eostei: Siluriformes) 
using rag] and rag2 nuclear gene sequences. Molecular Phylogenetics 
and Evolution 41: 636-662. 
THATCHER, V. E. 2006. Amazon fish parasites, 2nd ed. Pensoft, Sofia, 
Bulgaria, 508 p. 
J. Parasitol .• 97(4), 2011, pp. 593-595 
© American Society of Parasitologists 2011 
MYRSIDEA POVEDAI (PHTHIRAPTERA: MENOPONIDAE), A NEW SPECIES OF CHEWING 
LOUSE FROM PHAINOPTILA MELANOXANTHA (PASSERIFORMES: BOMBYCILLIDAE) 
Oldrich Sychra, Filip Kounek, Miroslav Capek*, and Ivan Literak 
Department of Biology and Wildlife Diseases, Faculty of Veterinary Hygiene and Ecology, University of Veterinary and Pharmaceutical Sciences, 
Palackeho 1-3, 61242 Bmo, Czech Republic. e-mail: sychrao@vtu.cz 
ABSTRACT: A description and illustrations are given for Myrsidea povedai n. sp. from the black-and-yellow silky-flycatcher 
Phainoptila melanoxantha. The female of M. povedai is distinguished from those of other species of Myrsidea from Costa Rican 
passerine hosts by a unique combination of the following characteristics: (I) well-developed hypopharynx, (2) well-defined median gap 
in the rows of tergal setae and another gap between groups of setae on lateral side of tergites II-VII and the most central seta, and (3) 
enlarged metanotum with at least 23 setae. These characters place M. povedai close to Myrsidea campestris from Euneornis campestris 
and Myrsidea marini from Pezopetes capitalis (both from the Emberizidae). The female of M. povedai can be easily separeted from both 
aforementioned species by the abdomen without conspicuously enlarged tergites. Moreover, the male of M. povedai is characterized by 
a unique male genital sclerite, which is quite long (0.13-0.15), tapered apically, with a long median line, and without subapical 
processes. This is the first record of a chewing louse from this host and the first record of Myrsidea from the passerine family 
Bombycillidae. All 7 birds examined in Costa Rica in 2010 were parasitized with M. povedai. Mean abundance was 11.6, with intensity 
range 4-27 lice per bird. 
The black-and-yellow silky-flycatcher (Phainoptila melanox-
antha) represents a monotypic genus, which is endemic to Costa 
Rica and western Panama. It is an enigmatic avian lineage 
because its relationships to other passerines have long been 
controversial. It is usually placed into the Ptilogonatidae (del 
Hoyo et aI., 2005). However, the most recent taxonomic survey 
recommends placing all ptilogonatids as a subfamily into the 
Bombycillidae (Spellman et aI., 2008). 
Myrsidea Waterston is the most speciose menoponid genus 
parasitizing mainly passerines. It currently contains 328 
recognized species throughout the world, with 309 of them 
recorded from 343 host species in 46 families of Passeriformes 
(Price et aI., 2003; Palma and Price, 2010). Despite its 
abundance, no species of Myrsidea has been described from 
passerine bombycillids (sensu Spellman et aI., 2008). Here we 
describe a new species of chewing louse Myrsidea, which 
represents the first from the Bombycillidae and from the 
black -and -yellow silky -flycatcher. 
MATERIALS AND METHODS 
We conducted fieldwork during the 2010 rainy season at 2 study sites 
in Costa Rica: (1) Sacramento, Tamarak Lodge (10006'N, 84°07'W, 
elevation 2,430 m; 176 birds of 29 species were examined from 30 July 
2010 to 3 August 2010) and (2) Parque Nacional Braulio Carrillo, 
Sector Volcan Barva (10007'N, 84°07'W, elevation 2,619 m; 117 birds 
of 20 species were examined from 4 to 8 August 2010). At these sites, 
dawn-to-dusk mist netting was conducted to capture as many bird 
species artd individuals as possible and to collect their ectoparasites. A 
line of about 100 m of mist nets was checked at least once an hour. 
Every individual bird was identified, sexed, and aged using Stiles and 
Skutch (1989) and Garrigues and Dean (2007). Lice were collected 
using the fumigation chamber method (Clayton and Drown, 2001). Lice 
were stored in 70% ethanol and subsequently cleared and then slide-
mounted in Canada balsam as permanent slides for proper identifica-
tion, following the technique of Palma (1978). All measurements are in 
millimeters. 
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DESCRIPTION 
Myrsidea povedai n. sp. 
(Figs. 1-4) 
Diagnosis female (n = 6): Head: Hypopharyngeal sclerites strongly 
developed, reaching gular plate. Length of head seta 10, 0.06--0.08; seta II, 
0.12-0.13; ratio I 0/11 , 0.50-0.62. Gula with 5-7 setae on each side, 
posterior-most much heavier and longer than others. Thorax: Pronotum 
with 6 setae on posterior marginal and 3 short spiniform setae at each 
lateral comer; well-developed elongate prosternal plate rounded anterior-
ly. Metanotum enlarged, with 23-27 setae on conspicuously rounded 
posterior margin. Metapleurites with 4 short spiniform strong setae; 
metasternal plate large, triangular, with 4-5 setae on each side. Legs: The 
first tibia with 3 outer lateral ventral and 4 dorsal setae; femur III with 17-
21 setae in ventral brush. Abdomen: Without conspicuously enlarged 
tergites, tergites I and II medially compressed by enlarged metanotum with 
convex posterior margin medially, with well-defined median gap in the 
rows oftergal setae (Fig. I). Well-defined gap also between groups of setae 
on lateral side of tergites II-VII and the most central seta. Tergal setae: I, 
20-27; II, 20-24; III, 20-26; IV, 18-24; V, 19-25; VI, 17-24; VII, 15-18; 
VIII, 8 (only I female with 10). Setae on tergites I and II quite long, 
extending over next 3 tergites. Postspiracular setae extremely long on II 
and IV (0.53-0.55), very long on VIII (0.40-0.45), long on I and VII (0.35-
0.36) and much shorter on III and V-VI (0.18-0.23). Without 
medioanterior tergal, sternal, or pleural setae. Sternite I small, without 
setae. Sternal setae: II, 4 in each aster, 18-22 marginal between asters, 7-9 
medioanterior; III, 28-38; IV, 35-43; V, 40-50; VI, 35-38; VII, 15-20; 
VIII-IX, 13-16 marginal, 8-10 anterior setae. Posterior margin of 
subgenital plate serrated. Anus with 33-46 setae in each ventral and 
dorsal fringe. Length of inner posterior seta oflast tergum 0.04-0.05; short 
lateral marginal seta oflast segment 0.05-0.07. Dimensions: Temple width, 
0.50-0.52; head length, 0.30-0.31; prothorax width, 0.31-0.32; metathorax 
width, 0.50-0.52; abdomen width at level of segment IV, 0.62-0.70; anus 
width, 0.23-0.24; total length, 1.51-1.55. 
Male (n = 6): Head: Length of head seta 10,0.06--0.07; seta 11, 0.10-
0.12; ratiolOl1l, 0.50-0.70. Gula with 5-6 setae on each side. Thorax: 
Metanotum with 11-14 setae on posterior margin, metasternal plate with 
3-4 setae on each side. Legs: Femur III with 15-20 setae in ventral brush. 
Abdomen: Tergites with well-defined median gap in the rows of tergal 
setae. Tergal setae: I, 14-17; II, 17-20; III, 17-21; IV, 17-21; V, 17-21; VI, 
16-19; VII, 13-16; VIII, 12. Postspiracular setae very long on II, IV, and 
VIII (0.42-0.48), long on I and VII (0.25-0.30), and much shorter on III 
and V-VI (0.12-0.20). Sternal setae: II, 4 in each aster, 13-16 marginal 
between asters, 6-10 medioanterior; III, 20-29; IV, 28-36; V, 33-37; VI, 
31-36; VII, 15-22; VIII-IX, 9-12, remainder of plate, 7-13. Sternite VII 
separate from subgenital plate of fused VIII-IX; with 8 internal anal setae. 
Length of inner posterior seta of last tergum 0.06--0.07; short lateral 
marginal seta of last segment 0.02. Genitalia: As in Figure 2. Genital sac 
sclerite as in Figure 3, quite long, tapered apically, with quite long median 
line, without subapical processes. Dimensions: Temple width, 0.44-0.47; 
head length, 0.28-0.29; prothorax width, 0.28-0.30; metathorax width, 
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FIGURES 1-4. Myrsidea povedai n. sp. (1) Female. (2) Male. (3) Male genitalia. (4) Male genital sclerite. Scales: 0.50 mm (Figs. 1-2), 0.10 mm 
(Figs. 3-4). For Figures 1-2 dorsal side on left, ventral side on right. 
0.37-0.40; abdomen width at level of segment IV, 0.45-0.48; genitalia 
length, 0.42-0.45; genitalia width, 0.12; genital sac sclerite length, 0.13-
0.15; total length, 1.30-1.36. 
Taxonomic summary 
Type host: Phainoptila melanoxantha Salvin. 
Type material: Female holotype ex P. melanoxantha (slide O. Sychra 
CR96), Costa Rica, Sacramento, Tamarak Lodge (loo06'N, 84°07'W, 
elevation 2,430 m), 3 August 2010, Sychra, Kounek, Capek and Literak 
leg. Paratypes: I female and 2 males with same data as holotype, 4 females 
and 4 males ex P. melanoxantha, Costa Rica, Parque Nacional Braulio 
Carrillo, Sector Volcan Barva (loo07'N, 84°07'W, elevation 2,619 m), 7-8 
August 2010, Sychra, Kounek, Capek and Literak leg. Deposited in the 
National Biodiversity Institute (lNBio), Santo Domingo de Heredia, 
Costa Rica (0. Sychra CR96-97); Moravian Museum, Bmo (MZM), 
Czech Republic (0. Sychra CR98-99); and Natural History Museum, 
London, United Kingdom (0. Sychra CRIOO-IOI). 
Range of infestatation and abundance: Intensity range = 4-27 and mean 
abundance = 11.6. 
Etymology: This species is named in honor of Jorge Poveda Quiros 
(Costa Rica) in recognition of his friendship and invaluable help during 
our research field stay on Volcan Barva, Costa Rica, in 2010. 
Remarks 
The female of M povedai is distinguished from those of other species of 
Myrsidea from Costa Rican passerine hosts by a unique combination of the 
following characteristics: (I) well-developed hypopharynx, (2) well-defmed 
median gap in the rows of tergal setae and another gap between groups of 
setae on lateral side of tergites II-VII and the most central seta, and (3) 
enlarged metanotum with at least 23 setae. These characters place M. povedai 
close to M campestris from Euneornis campestris and M. marini from 
Pezopetes capitalis (both from the Emberizidae). The female of M povedai 
can be easily separeted from both aforementioned species by the abdomen 
without conspicuously enlarged tergites. Moreover, male of M. povedai is 
characterized by unique male genital sclerite, which is quite long (O.l3-D.l5), 
tapered apically, with long median line, and without subapical processes. 
This is the first record of a chewing louse from P. melanoxantha and the 
first record of Myrsidea from the Bombycillidae. All 7 birds examined 
were parasitized with 81 specimens of M. povedai (40 males, 21 females, 
and 20 nymphs were found). Although an even sex ratio is predominant in 
most ectoparasites, in some species of chewing lice, a skewed ratio can be 
observed (Price et aI., 2003). Clayton et al. (1992) found that ischnoceran 
lice had more female-biased sex ratios, whereas amblyceran lice had more 
male-biased ratios. This corroborates our results (male:female ratio = 
1:0.53). The skewed age ratio observed (adult nymph = 1:0.33) is also 
similar to those indicated by Clayton et al. (1992) and suggests the 
existence of stable chewing lice populations (Mashall, 1981). Eggs of lice 
were found on 4 of 7 black-and-yellow silky-flycatchers examined. They 
were located on the head and neck of host. 
DISCUSSION 
Although there has been no comprehensive study of the entire 
genus due to the large number of species involved, all evidence 
suggests that each host species or group of closely related host 
species is parasitized by 1, or more, closely related species of 
Myrsidea (Clay, 1966; Price and Dalgleish, 2007). Therefore, the 
only practical way to deal with the taxonomy of such a large 
genus is to treat lice from each host family as a unit. While most 
species of Myrsidea are more easily identified by examining 
females, males may show characteristics needed for phylogenetic 
analysis (Clay, 1966). Species of Myrsidea grouped together based 
on characteristics of the male genital sclerite are frequently found 
to be parasitic on a group of related hosts, usually from 1 bird 
family. The male of Myrsidea povedai is characterized by a unique 
male genital sclerite. If other members of the Ptilogonatinae and 
Bombycillidae harbor Myrsidea with the same type of male 
genital sclerite, this may lend support to findings of molecular 
phylogenetic analysis and confirm validity as to the recently 
described taxonomic status of the Bombycillidae sensu Spellman 
et al. (2008). The only way to clarify this case will be to collect and 
study more Myrsidea occurring on other species of Bombycillidae. 
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DISTINCTION OF CELL TYPES IN D/CYEMA JAPON/CUM (PHYLUM DICYEMIDA) BY 
EXPRESSION PATTERNS OF 16 GENES 
Kazutoyo Ogino*, Kazuhiko Tsuneki, and Hidetaka Furuya 
Department of Biology, Graduate School of Science, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan. e-mail: 
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ABSTRACT: Dicyemids (phylum Dicyemida) are endoparasites, or endosymbionts, typically found in the renal sac of benthic 
cephalopod molluscs. The body organization of dicyemids is very simple, consisting of only 9 to 41 somatic cells. Dicyemids appear to 
have no differentiated tissues. Although categorization of somatic cells, to some types, is based on differences in the pattern of cilia and 
their position in the body, whether or not these cells are functionally different remains to be revealed. To provide insight into the 
functional differentiation, we performed whole mount in situ hybridization (WISH) to detect expression patterns of 16 genes, i.e., 
aquaglyceroporin, F-actin capping protein, aspartate aminotransferase, cathepsin-L-like cysteine peptidase, Ets domain-containing 
protein, glucose transporter, glucose-6-phosphate I-dehydrogenase, glycine transporter, Hsp 70, Hsp 90, isocitrate dehydrogenase 
subunit alpha, Radl8, serine hydroxymethyltransferase, succinate-CoA ligase, valosin-containing protein, and 14-3-3 protein. In 
certain genes, regional specific expression patterns were observed among somatic cells of vermiform stages and infusoriform larvae of 
dicyemids. The WISH analyses also revealed that the Ets domain-containing protein and Radl8 are molecular markers for agametes. 
Dicyemids (phylum Dicyemida) are endoparasites, or endosym-
bionts, typically found in the renal sac of benthic cephalopod 
molluscs. Their body organization is very simple, consisting of 9 to 
41 somatic cells. Dicyemids do not have an extracellular matrix, 
body cavity, or differentiated tissues (Ridley, 1968; Matsubara and 
Dudley, 1976a, 1976b; Furuya et al., 1996; Furuya, Hochberg et aI., 
2004; but see Czaker, 2000). Their life cycle is also unusual (Fig. 1). 
They produce 2 distinct types oflarvae, i.e., vermiform larva from 
an asexual germ line cell (agamete) and infusoriform larva from a 
fertilized egg (Furuya et aI., 1992a, 1993, 1994, 1996). High 
population densities in the cephalopod kidney may trigger or 
initiate the shift from an asexual mode to a sexual mode of 
reproduction (Lapan and Morowitz, 1975). Vermiform individuals 
(an adult and vermiform larva) have a distinct anterior region, 
termed a calotte, which attaches to the surfaces or is inserted into 
tubules, crypts, or folds of the renal appendages of cephalopod 
hosts (Ridley, 1968; Furuya et aI., 1997; Furuya and Tsuneki, 
2003). In contrast, the infusoriform larvae escape from the host 
into the sea to search for a new host. 
The descriptions (Bresciani and Fenchel, 1965; Ridley, 1968; 
Furuya et aI., 1997; Furuya, Hochberg, and Tsuneki, 2004; 
Furuya et aI., 2007) of the cell composition of cell type and cell 
number in dicyemid larvae suggest that dicyemid cells are possibly 
differentiated. However, it remains to be elucidated whether the 
cells of dicyemids are functionally differentiated. Cell differenti-
ation is achieved by acquisition of specific gene expression in each 
cell. We analyzed expression patterns of 16 genes in dicyemids by 
whole mount in situ hybridization (WISH) and found some 
possible functional differences among cells in vermiform stages 
and infusoriform larvae. 
MATERIALS AND METHODS 
Animals 
We used the dicyemid, Dicyemajaponicum (Fig. I), from the renal sac of 
common octopus, Octopus vulgaris (Furuya et aI., 1992b). Contaminating 
host tissues were carefully removed using stereomicroscopy. The collected 
dicyemids were washed several times with artificial seawater. 
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cDNA fragments used for synthesis of DIG-labeled RNA probes 
The cDNA was synthesized from I Ilg of total RNA by SMART 
RACE™ cDNA Amplification Kit (Clontech, Mountain View, Califor-
nia). In this reaction, we used BD SMART n™ A oligonucleotide and an 
adaptor sequence having oligo dT primer (5'-AACTGGAAGAAT-
TCGCGGCTJ8VN-3') instead of packed oligo dT primer to amplify 
cDNA by PCR. After the PCR, cDNA was randomly cloned and 
sequenced. Details of the method are given elsewhere (Ogino et aI., 2007). 
A function of isolated cDNA was inferred by homology search. In the 
present study, we chose only genes whose function was inferred and, thus, 
expression patterns of 16 cDNA were analyzed by WISH. The sequences 
of the 16 cDNA were deposited on DDBJ with accession numbers: 
Aquaglyceroporin (AB546232), F-actin capping protein (AB539526), 
aspartate aminotransferase (AB539527), cathepsin-L-like cysteine pepti-
dase (AB54623 I), Ets domain-containing protein (AB539528), glucose 
transporter (AB539529), glucose-6-phosphate I-dehydrogenase 
(AB539530), glycine transporter (AB539531), Hsp 70 (AB539532), Hsp 
90 (AB539533), isocitrate dehydrogenase (NAD) subunit alpha 
(AB539534), Radl8, serine hydroxymethyltransferase (AB539535), succi-
nate-CoA ligase (AB539536), valosin-containing protein (AB539537), and 
14-3-3 protein (AB539525). 
Detection of gene expression 
WISH was carried out using digoxygenin (DIG)-Iabeled RNA probes as 
reported previously (Ogino et aI., 2007). Dicyemids were fixed in 4% 
paraformaldehyde (PFA) in 0.5 M NaCI and 0.1 M MOPS buffer overnight 
at 4 C and treated using an ethanol series for dehydration. The dicyemids 
were re-hydrated and partially digested by protease K. After digestion, the 
dicyemids were re-fixed in 4% PF A in PBS. Hybridization was carried out in 
hybridization buffer at 50 C. The dicyemids were washed repeatedly and 
incubated with anti-DIG antibody conjugated with alkaline phosphatase at 
4 C. The dicyemids were then washed again several times and stained with 
NBT/BCIP (Roche, Indianapolis Indiana). Details of the WISH method are 
given in our previous paper (Ogino et aI., 2007). 
RESULTS 
Gene expression patterns in vermiform stages 
The expression patterns of 16 genes were investigated by 
WISH. Trunk cell-specific expressions were observed in 5 genes, 
i.e., aquaglyceroporin, aspartate aminotransferase, cathepsin-L-
like cystein peptidase, glucose transporter, and glycine transporter 
(Fig. 2a-e). The calotte and trunk regions of peripheral cells were 
clearly distinguishable by these gene expressions. Nine genes (F-
actin capping protein, glucose-6-phosphate I-dehydrogenase, Hsp 
70, Hsp 90, isocitrate dehydrogenase (NAD) subunit alpha, serine 
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FIGURE J. Body organization of dicyemids. (a) Light micrograph of an entire dicyemid, scale bar represents 20 ~m. (b) The dicyemid life cycle 
(modified from Furuya et aI., 2007). (c) Generalized schematic drawings of vermiform embryo with 22 peripheral cells; lateral view in left and sagittal 
section in right (modified from Furuya et aI. , 2007). (d) Generalized schematic drawing of infusoriform embryo with 37 peripheral cells (modified from 
Furuya, Ota et aI., 2004). The life cycle is as follows: (I) The vermiform stages, in which the dicyemid exists as an adult or vermiform embryo. The 
vermiform embryo is formed asexually from an agamete and grows into an adult with elongation of somatic cells, namely the axial cell and peripheral 
cells, but without somatic cell divisions. Therefore, vermiform larvae consist of the same number of somatic cells and body organization as the adult 
individuals (Furuya et aI. , 1994,2001). The adult forms are referred to as nematogens or rhombogens. In the body of vermiform stages, the outer cell 
sheet consists of peripheral cells. Peripheral cells are classified into 2 types by characteristics of the cilia and their position in the body, calotte peripheral 
cells, and trunk peripheral cells; (2) The infusoriform embryo, which develops from a fertilized egg produced by the infusorigen. Vermiform stages are 
restricted to the renal sac of cephalopods, whereas infusoriform larvae escape from the host into the sea to search for a new host. It remains to be 
understood how infusoriform larvae develop into vermiform stages in the new host. Abbreviations: AG, agamete; AN, axial cell nucleus; AX, axial cell; 
C, couvercle cell; CA, capsule cell; CL, calotte; DC, dorsal caudal cell; 01, developing infusoriform embryo; DP, diapolar cell; DV, developing 
vermiform embryo; E, enveloping cell; G , germinal cell; IN, infusorigen; LC, lateral caudal cell; MD, median dorsal cell; MP, metapolar Cell; PO, paired 
dorsal cell; PP, parapolar cell; PR, propolar cell; PVL, posteroventral lateral cell; RB, refringent body; T, trunk; U, urn cell; UC, urn cavity; UP, 
uropolar cell; VI, ventral internal cell; V I, first ventral cell, V2, second ventral cell. 
hydroxymethyltransferase, succinate-CoA ligase, valosin-contain-
ing protein, and 14-3-3 protein) were expressed ubiquitously (data 
not shown). Ets domain-containing protein and Rad18 were not 
expressed in the vermiform larvae (Fig. 2f, g). The trunk-specific 
genes were also expressed in vermiform adult trunk;, except for 
glycine transporter (Fig. 3a-d). The glycine transporter gene 
might be expressed too weakly in adults to be detectable with in 
situ hybridization. 
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FIGURE 2. Trunk-specific expression in vermiform larvae. (a) Aquaglyceroporin (gene expression rate: 100%, n = 28), (b) aspartate aminotransferase 
(100%, n = 25), (c) cathepsin-L-like cysteine peptidase (100%, n = 9), (d) glucose transporter (93%, n = 28), (e) glycine transporter (100%, n = 22), (f) 
Ets domain-containing protein (100%, n = 27), (g) Rad18 protein (100%, n = 29). Genes are not expressed in (f) and (g). Scale bar represents 10 ~m. 
Abbreviations: CL, calotte; TR, trunk. 
Gene expression patterns in infusoriform larvae 
We found 8 genes (F-actin capping protein, aspartate 
aminotransferase, Hsp 70, Hsp90, succinate-CoA ligase, valosin-
containing protein, 14-3-3 protein, and cathepsin-L-like cysteine 
peptidase) that were expressed in urn cells of the larvae (Fig. 4a-
h). The glucose dehydrogenase was more strongly expressed in 
ciliated cells (Fig. 4i). The isocitrate dehydrogenase was expressed 
evenly in all cells (Fig. 4j). The expression of 6 genes (aqua-
glyceroporin, glucose transporter, glycine transporter, serine 
hydroxymethyltransferase, Ets domain-containing protein, and 
Radl8) was not observed in infusoriform larvae (Fig. 4k-p). 
Agamete specifically expressed genes 
Ets domain-containing protein and Radl8 were exclusively 
expressed in the agametes of adults (Fig. Sa, b) but not in 
infusorigens (Fig. 5c, d), vermiform larvae (Fig. 2f, g), or 
infusoriform larvae (Fig. 40, p). 
DISCUSSION 
Differentiation in vermiform larvae 
The present study showed that 5 genes were expressed in trunk 
peripheral cells. The specific gene expressions suggest that calotte 
cells and trunk cells are functionally differentiated. Aquaglycer-
oporin, glucose transporter, and glycine transporter are mainly 
involved in membrane transport of water, hexose, and glycine, 
respectively (Joost and Thorens, 2001; King et aI., 2004; 
Eulenburg et aI., 2005). This suggests that the trunk peripheral 
cells contribute to transport of water and nutrients. Dicyemid 
trunk cells have a characteristic ruffle, which is consistent with 
our notion. A ruffle is a folded cell membrane structure which 
enlarges the cell surface (Bresciani and Fenchel, 1965; Furuya et 
aI., 1997). Cathepsin is primarily a lysosomal protease and is 
involved in lysosomal proteolysis. Large numbers of lysosomal 
vesicles were found in trunk peripheral cells by ultrastructural 
studies but not in the calotte peripheral cells (Ridley, 1968). The 
expression pattern of cathepsin-L-like cysteine peptidase is 
consistent with the ultrastuctural observation. Aspartate amino-
transferase participates in a reciprocal conversion of aspartate 
and alpha-ketoglutarate to oxaloacetate and glutamate. The 
trunk-specific expression pattern suggests that vermiform somatic 
cells are metabolically differentiated between the calotte and 
trunk. In addition to the present report, Ogino et al. (2007) and 
Kobayashi et al. (2009) reported gene expression patterns that 
suggest a functional difference between calotte and trunk (these 
results are summarized in Table I). 
Molecular phylogenetic studies have suggested that the 
dicyemids are probably reduced lophotrochozoans (Kobayashi 
et aI., 1999; Suzuki et aI., 20lO). In spite of the extremely reduced 
body plan, dicyemids still appear to exhibit some degree of cell 
TABLE I. Gene expression patterns in vermiform embryo and 
infusoriform embryo. 
Expression pattern Gene 
Vermiform embryo 
Calotte-specific 
Trunk-specific 
Germ line cell-specific (agamete 
and germinal cell in 
infusoriform embryo) 
Germ line cell-specific (agamete) 
Ubiquitous 
Infusoriform embryo 
Urn cell-specific 
Ciliated cell-specific 
Ubiquitous 
Chitinase-like protein (Ogino et aI., 
2007b) 
Aquaglyceroporin 
Aspartate aminotransferase 
Cathepsin-L-like cysteine peptidase 
DoxC (Kobayashi et aI., 2009) 
Glucose transporter 
Glycin transporter 
Do-otx (Kobayashi et aI., 2009) 
Ets domain-containing protein 
Rad 18 protein 
F-actin capping protein 
Glucose dehydrogenase 
HSP 70 
HSP 90 
Isocitrate dehydrogenase 
Serine hydroxymethyltransferase 
Succinate-CoA ligase 
Valosin-containing protein 
14-3-3 protein 
Aspartate aminotransferase 
Cathepsin-L-like cysteine peptidase 
F-actin capping protein 
HSP 70 
HSP90 
Succinate-CoA ligase 
Valosin-containing protein 
14-3-3 protein 
Glucose dehydrogenase 
Isocitrate dehydrogenase 
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FIGURE 3. Trunk-specific expression in vermiform adult. (a) Aquaglyceroporin (gene expression rate: 58%, n = 19), (b) aspartate aminotransferase 
(59%, n = 22), (e) cathepsin-L-like cysteine peptidase (46%, n = 13), (d) glucose transporter (65%, n = 23), (e) glycine transporter (100%, n = 26). Gene 
is not expressed in (e). Scale bar represents 10 11m. Abbreviations: CL, calotte; TR, trunk. 
FIGUR E 4. Gene expression patterns in infusoriform larvae. (a) F-actin capping protein (gene expression rate: 100%, n = 22), (b) aspartate 
aminotransferase(lOO%, n = 22), (e) HSP70 (80%, n = 25), (d) HSP90 (76%, n = 25), (e) succinate CoA ligase (100%, n = 21), (I) valosin containing 
protein (90%, n = 20), (g) 14-3-3 protein (78%, n = 23), (h) cathepsin-L-like cysteine peptidase (10%, n = 10), (i) glucose dehydrogenase (68%, n = 25), 
(j) isocitrate dehydrogenase (100%, n = 18), (k) aquaglyceroporin (100%, n = 29), (I) glucose transporter (100%, n = 31), (m) glycine transporter (100%, 
n = 23), (n) serin hydroxymethyltransferase (92%, n = 25), (0) Ets domain-containing protein (100%, n = 23), (p) Rad 18 (100%, n = 27). From (k) to 
(p), genes are not expressed. In addition, a, c, d, e, h, i, j, I, n, 0, and p are sagittal optical sections; b, f, g, k, and m are horizontal optical sections. Scale 
bar represents 10 11m. Abbreviations: U, urn cell; RB, refringent body. 
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FIGURE 5. Expression ofEts domain-containing protein and Radl8. (a) Expression ofEts domain-containing protein on nematogen (gene expression 
rate: 100%, n = 14, (b) expression of Rad18 on nematogen (100%, n = 17), (c) Ets domain containing protein on infusorigen (100%, n = 8), (d) 
expression of Rad18 on infusorigen (100%, n = 10). Genes are not expressed in (c) and (d). Scale bar represents 10 !-lm. Abbreviations: F, fertilized egg; 
0, oogonium; PO, primary oocyte; PS, primary spermatocyte; S, spermatogonium; SP, sperm. See Figure 1 for other abbreviations. 
differentiation. Somatic cells are differentiated to certain degrees 
even in truly primitive multicellular animals such as the Placozoa 
(Grell and Ruthmann, 1991) and Porifera (Harrison and de Vos, 
1991). Multicellularity may be fundamentally related to cell 
differentiation, at least in the animal lineage. 
Gene expression pattern in infusoriform larvae 
Infusoriform larvae are free-swimming organisms (Furuya et aI., 
1997; Furuya, Hochberg, and Tsuneki, 2004). Ciliated cells of the 
infusoriform larvae expressed glucose dehydrogenase more strong-
ly than did the other cells. Glucose dehydrogenase is an enzyme 
involved with glycolysis. It is likely related to a stronger energy 
demand in the ciliated cells. Eight genes were specifically expressed 
in urn cells. The urn cells, which contain a germinal cell, are located 
in the center of the larvae and face the urn cavity (Nouvel, 1947; 
Short and Damian, 1966; Furuya, Hochberg, and Tsuneki, 2004). 
The cavity is connected to the exterior by a slit and is filled by sea 
water. The sea water appears to be circulated by movement of cilia 
and, thus, likely provides nutrients and oxygen for both urn cells 
and germinal cells (Furuya, Hochberg, and Tsuneki, 2004). These 8 
genes may participate in urn cell function, such as nursing for the 
germinal cell, although details are unknown. 
New molecular markers for agametes 
We found that 2 genes, Ets domain-containing protein and 
Radl8, were strongly expressed in agametes but were not 
expressed in infusorigen, developing larvae, or adults. Both Ets 
domain-containing proteins and Radl8 protein are involved in 
cell division (McDonald et aI., 1997; Broomfield et aI., 2001; 
Yamashita et aI., 2002; Oikawa and Yamada, 2003); cell division 
is observed only in the developmental process, which starts from 
an agamete (Lapan and Morowitz, 1975; Furuya et aI., 1993, 
1994, 2001; Furuya and Tsuneki, 2007). Ets domain-containing 
protein and Rad18 are possibly involved in the start of 
development. The 2 genes could be considered as molecular 
markers for agametes. These molecular markers would contribute 
to a study on the process of agamete formation. 
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INFERENCE OF POPULATION STRUCTURE AND PATTERNS OF GENE FLOW IN CANINE 
HEARTWORM (DIROFILARIA IMMIT/S) 
Diana H. Belanger, Susan L. Perkins, and Robert F. Rockwell* 
Sackler Institute for Comparative Genomics, American Museum of Natural History, New York, New York 10024. e-mail: dbelanger@amnh.org 
ABSTRACT: Understanding the genetic variation within a parasitic species is crucial to implementing successful control programs and 
preventing the dispersal of drug resistance alleles. We examined the population genetics and structure of canine heartworm (Dirofilaria 
immitis) by developing a panel of 11 polymorphic micro satellite loci for this abundant parasite, In total, 192 individual nematodes were 
opportunistically sampled from 9 geographic regions in the United States and Mexico and genotyped. Population genetic analyses 
indicate the presence of 4 genetic clusters. The canine heartworm samples used in this study were characterized by low heterozygosity, 
with eastern and central North America experiencing high levels of reciprocal gene flow, Geographic barriers impede the movement of 
vectors and infected hosts west of the Rocky Mountains and south of the Central Mexican Plateau, This, combined with corridors of 
contiguous habitat, could influence the spread of drug resistance alleles, 
Local differentiation can occur when a species occupies a large 
territory, Although geographic barriers favor the formation of 
local colonies, some differentiation can occur without them, In 
the case of parasites, low dispersal rates of either the vector or 
host may prevent a species from forming a panmictic unit and 
result in a structured metapopulation. The extent of sub-
structuring depends on both the level of dispersal and the genetic 
effective sizes of local populations. The pattern and degree of sub-
structure can have profound effects on the response of the 
parasite to selection in general and on the spread of drug 
resistance in particular, 
Heartworm disease is a mosquito-borne, parasitic infection by 
Dirofilaria immitis nematodes found in temperate and tropical 
animal populations worldwide. Many mosquito species are 
competent vectors, and transmission rates follow a seasonal cycle 
(Sacks et aI., 2003; Vezzani and Carbajo, 2006; Lee et aI., 2007). 
In the contiguous United States, the infection is most prevalent 
along the Gulf Coast and Mississippi River and continues to 
advance along the Pacific Coast (Sacks and Caswell-Chen, 2003). 
Most commonly found infecting domestic dogs and other species 
of Canis, D. immitis also parasitizes cats, foxes, ferrets, and other 
mammals, including humans (Pence et aI., 2003; Riley et aI., 2004; 
Sacks et aI., 2004), Adult worms live in the pulmonary arteries of 
the host, where mature females release microfilariae into the 
blood stream. Microfilariae are ingested by vectors during the 
course of a blood meal, and develop into third stage larvae within 
the Malpighian tubules (Anderson, 2000). The larvae migrate to 
the salivary glands in preparation for transmission and are 
inoculated into the dermis of the final host with subsequent vector 
bites. Larvae reach the pulmonary arteries after several months of 
migration and maturation, Adult nematodes eventually compro-
mise circulation through the entire right side of the heart and its 
associated blood vessels. 
Parasitic nematodes, like canine heartworm, infect humans, 
livestock, companion animals, and wild populations worldwide. 
Current treatment regimes rely on a few broad-spectrum 
anthelmintics to eliminate infection; however, the use of these 
compounds can select for drug resistance in parasite populations 
under strong coverage. This scenario is exacerbated by a lack of 
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population genetic information for many parasitic species. 
Knowledge of population genetic structure and molecular 
epidemiology allows for control measures to be designed for 
maximum impact while concurrently mitigating the evolution of 
resistance (Gilleard and Beech, 2007). Information about 
population genetic structure underpins the study of drug 
resistance and its dispersal, as well as being crucial to its 
prevention, 
Anthelmintic resistance is a well-studied problem that has been 
documented in small ruminants since the 1950s (Drudge et aI., 
1957; Leathwick et aI., 2001; Mortensen et aI., 2003; Kaplan, 
2004; McKellar and Jackson, 2004; Prichard, 2005; Garretson 
et aI., 2009; Traversa et aI., 2009), Selection plays an important 
role in the advent, dispersal, and maintenance of resistance alleles, 
Studies suggest that population genetic processes also influence 
the evolution of drug resistance (Cornell et aI., 2003; Gilleard and 
Beech, 2007). Many parasitic species possess genetic features that 
favor the development of resistance (Kaplan, 2004). Rapid rates 
of nucleotide substitution, combined with large effective popula-
tion sizes, translate into high levels of genetic diversity (Blouin et 
aI., 1995; Schwenkenbecher et aI., 2006; Grillo et aI., 2007). 
Additionally, many studies of nematodes have shown a popula-
tion structure with high levels of gene flow (Johnson et aI., 2006; 
Webster et aI., 2007), Thus, these species possess the genetic 
potential to respond to chemical attacks and the ability to spread 
resistance alleles (Kaplan, 2004). 
Before one can predict the spread of drug resistance in D. 
immitis, at least 2 fundamental questions about this parasite's 
population genetic structure must be answered. First, are 
heartworms in the United States 1 large continuous population, 
or do they show geographic population structure? Second, what 
patterns of gene flow are consistent with any such population 
structure? To address these questions, we developed a panel of 11 
polymorphic microsatellite markers for D. immitis and used them 
to analyze the population genetics of this common nematode, We 
hypothesize that D. immitis experiences some degree of reduced 
dispersal, whereby forming regional genetic clusters. 
MATERIALS AND METHODS 
Source of parasites and DNA extraction 
Veterinarians and wildlife officials opportunistically collected D. immitis 
specimens from 9 geographic regions in the United States and Mexico 
between June 2007 and September 2009 (Fig. 1). Adult heartworms were 
fixed in 70-95% ethanol or 20% dimethylsulfoxide saturated with sodium 
chloride. Samples were stored in 100% ethanol at -20 C until DNA 
e 
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FIGURE 1. Geographic distribution of Dirofilaria immitis specimens. 
Sampled regions are circled and include New Jersey (NJ), Georgia (GA), 
Florida (FL), Alabama (AL), Louisiana (LA), Texas (TX), Mexico (MX), 
Wisconsin (WI), and California (CA). The dots indicate specific sampling 
locales. In some instances, more than I nematode was collected in a 
given locality. 
extraction. Genomic DNA was extracted from a segment (~15 mg muscle 
tissue) of each nematode using the DNeasy Tissue kit (Qiagen, Valencia, 
California), following the manufacturer's protocol for tissue samples. 
With female specimens, we took care to avoid reproductive tissue that 
might contain male DNA (Anderson et aI., 2003). Extracted DNA was 
stored at -20 C until used for PCR. We sampled I nematode from each 
vertebrate host. Of the specimens used in this study, III were collected 
from domestic hosts (Canis familiaris and Felis ealUs) and 81 from wild 
hosts (Canis latrans, Nasua nariea, Mustela nigripes, and Uroeyon 
cinereoargenteus) (Table I). 
Microsatellite development 
The 11 loci given in Table II were compiled from 2 genomic libraries 
constructed following Hamilton et al. (1999). The libraries were enriched 
using biotinylated oliogonucleotides (e.g., CA, AAC, and CAGC), and 
fragments were recovered with streptavidin-coated beads (Dynabeads; 
Invitrogen, Carlsbad, California). These fragments were reamplified and 
cloned using a TOPO-T A cloning kit (Invitrogen) according to the 
manufacturer's instructions. In total, 576 positive colonies were hand-
picked, submerged in 50111 of 10 mM Tris-HCI and 0.1 mM EDTA, and 
boiled at 95 C for 5 min; 1 111 of the supernatant was used as template for 
PCRs. Inserted fragments were amplified using M13(-20)F and M13R 
primers and sequenced in both directions using BigDye v3.1 on an 
ABI3730x1 capillary sequencer. Forward and reverse sequences were 
aligned using Sequencher v4.2 (Gene Codes Corp, Ann Arbor, Michigan). 
Candidate loci were identified using the Tandem Repeat Occurrence 
Locator (Castelo et aI., 2002). 
Microsatellite genotyping 
Microsatellite analysis was performed using an M13-tailed microsatel-
lite protocol adapted from Boutin-Ganache et al. (2001) where each 
forward primer was augmented on the 5' end with a CAG tag (5'-
CAGTCGGGCGTCATCA-3'; see http://dna.uga.edu/protocols/capillary-
genotyping). This altered primer was used in combination with fluorescently 
labeled forward CAG primer. Reactions consisted of 1 !1i DNA, 0.1 111 10 11M 
forward primer, 0.6 111 10 11M reverse primer, 2 111 25 mM MgCI20 2 111 PCR 
buffer A (Thermo Fisher Scientific, Hampton, New Hampshire), 1 1118 mM 
dNTP mixture, 1 111 lOx bovine serum albumin, 0.1 111 Taq polymerase 
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TABLE 1. Distribution of D. immitis samples by region and host type. 
Region Domestic hosts 
New Jersey (NJ) 
Delaware* 
Pennsylvania * 
Georgia (GA) 
Florida (FL) 
Alabama (AL) 
Louisiana (LA) 
Mississippit 
Texas (TX) 
Mexico (MX) 
Wisconsin (WI) 
California (CA) 
Total 
* Pooled with New Jersey samples. 
t Pooled with Louisiana samples. 
4 
1 
3 
6 
26 
16 
3 
33 
19 
111 
Wild hosts 
3 
19 
13 
10 
5 
2 
13 
6 
10 
81 
(Thermo Fisher Scientific), and 16.6111 H20 for a total volume of 25 Ill. The 
thermocycler conditions were 94 C for 2 min followed by 35 cycles of 94 C for 
15 sec, 55 C for 30 sec, and 72 C for 45 sec followed by a 5 min extension at 
72 C. Allele sizes were separated and measured on an ABI3730xl DNA 
Analyzer (Applied Biosystems, Foster City, California) using GeneScan 
LIZ600 internal size standard (Applied Biosystems). Individual chromato-
grams were analyzed using GeneMapper (Applied Biosystems) to determine 
the genotype of each individual. All genotypes were checked by eye with 20% 
of male specimens and all female specimens genotyped twice to ensure 
accurate results. 
Null alleles 
We used MICROCHECKER to identify loci that might be harboring 
null alleles (Van Oosterhout et aI., 2004). In most cases, null alleles are 
caused by a mutation in 1 of the primer binding sites, which prevents 
proper DNA amplification (Holm et aI., 2001). To further examine this 
issue, we created an alternate panel of primers for the 8 loci out of 
HWE. These alternate primers lay outside the original priming sites. We 
selected 8 homozygous samples from across the study area to sequence. 
Reactions contained 1 111 extracted DNA, 1 111 of each 10 mM forward 
and reverse primer, 2.5 111 25 mM MgCh, 2 111 PCR buffer A (Thermo 
Fisher Scientific), 1 111 8 mM dNTP mixture, 1 111 lOx bovine serum 
albumin, 0.2 111 Taq polymerase (Thermo Fisher Scientific), and 15.3 111 
H 20. The same thermocycler conditions were used as for micro satellite 
genotyping. 
Data analyses 
Expected heterozygosity, observed heterozygosity, allelic diversity, 
Fisher's exact tests, and linkage disequilibrium were calculated by region 
and over all regions using GENEPOP v4.0.10 (Rousset, 2008). Pairwise 
FST values (Weir and Cockerham, 1984) were calculated using GENALEX 
6 (Peakall and Smouse, 2006). We used a sequential Bonferroni correction 
to account for multiple comparisons (Rice, 1989). For highly variable loci 
the maximum FST among populations may be far less than 1 (Hedrick, 
2005); therefore, we standardized FST values following that of Meirmans 
(2006). Data were recoded to maximize the divergence between 
populations and used to calculate FMAXIMUM. Wright's guidelines, as 
referenced by Conner and Hartl (2004), were used to classify FST values as 
low, moderate, or high. Analysis of molecular variance (AMOVA) was 
conducted to test for population differentiation in GENODIVE v2.01b 
(Meirmans and Van Tienderen, 2004), and genotypes were permuted 1,000 
times among the populations to determine significance. 
Population structure among D. immitis samples was assessed using 
STRUCTURE v2.2 (Pritchard et aI., 2000; Falush et aI., 2003, 2007). To 
obtain a representative value of K for modeling the data, 5 independent 
runs of K from I to 15 were used to estimate the probable number of 
clusters. Multiple runs of the program across a large number of possible 
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TABLE II. Primer sequences and characteristics of 11 polymorphic microsatellite loci developed for D. immitis. 
Locus Motif Primer sequences (5'-3') Allele sizes (bp) 
A2 ATTA F:GAATCAATCGGGGAAATG 252-292 
R:GTTTCTTAAATGCAAATGCTCCGTTGT 
A5 TAA F: TTCATTTCAAGCCACAGCAG 193-217 
R:GTTTCTTGGGAATCCCAGGTGTTGTAG 
B5 TC F:TTTGGTTATAAAAAGAATGGACA 271-317 
R:GTTTCTTTCGCCTAAAAAGATAGTGCAA 
G9 TGT F:GATGTTGCTGCGATTGTTGT 135-159 
R:GTTTCTTCCTCAACAACGATTACGTTT 
H4 CAA F:GAATACAACGCAAACCGTCC 200--218 
R:GTTTCTTCTGCGCTAAACAATGCAAAA 
E4 AC F:GCTTGCACTTCGTCCTTTTC 141-171 
R:GTTTCTTGTATGTGTGTGTAAGCGTGTG 
D2 GTA F:CGAATTATTACTACTATCGCCG 113-125 
R:TGAGGAGGAGAAGAAGAAGAGA 
A4 CA F:CATGTTATACAGGGGCGTGA 225-253 
R:ATTCGGGACAATACACTGCC 
C2 TC F:TTTGGTTATAAAAAGAATGGACA 265-305 
R:TTCGCCTAAAAAGATAGTGCAA 
H5 TAG F:CACCAACGAATATCACCGTTT 272-314 
R:GCTTCAACAAAACAACAAACACA 
A05 CAG F:CATTGTTGTCGTGATCGCT 199-226 
R:AGCAACAGCAGCATTAGCA 
populations helps evaluate the strength of evidence for the inferred groups 
(Pritchard et al. 2000). The bum-in period was set to 200,000 steps, and 
probability estimates were obtained using 106 MCMC iterations. An 
admixture model with correlated frequencies was used in all runs. To 
mitigate the increased variance between runs as K increased, the second 
order rate of change in Pr(X I K) was calculated as /l"K (Evanno et aI., 
2005). AIC weights, penalized for the number of parameters, were also 
computed for each model using the calculated likelihood of the data 
following Burnham and Anderson (2002). Data were also analyzed with 
BAPS v5.4. This program uses Bayesian assignment to determine the 
number of genetically distinct populations present in a sample based on 
allele frequencies (Corander et aI., 2003; Corander, Marttinen et aI., 2008; 
Corander, Siren, and Arjas, 2008; Tang et aI., 2009). Individual nematodes 
and their collection data were analyzed using the spatial clustering option. 
We ran 5 replicates of K ranging from 2 to 15. Spatial principal 
component analysis (sPCA) was conducted in GENALEX 6 (Peakall and 
Smouse, 2006). This multivariate method creates uncorrelated, synthetic 
variables and plots the major axes of variation in conjunction with 
geographic data. 
BAYESASS+ vl.2 (Wilson and Rannala, 2003) was used to estimate the 
amount of migration between the identified genetic clusters. This method 
assumes microsatellite loci are unlinked and estimates recent bidirectional 
migration rates. The bum-in teriod was set to 100,000 steps, and estimates 
were obtained using 5 X 10 MCMC iterations. The sampling frequency 
was set at 2,000. 
RESULTS 
Microsatellite polymorphism, linkage disequilibrium, 
Hardy-Weinberg equilibrium, and null alleles 
Preliminary analysis revealed no significant genetic difference (as 
measured by FST) between the heartworm samples of wild and 
domestic hosts or between heartworms of different genders; therefore, 
all data were pooled by region. The number of allelic variants ranged 
from 6 (D2 and H4) to 17 (C2), with the observed heterozygosity per 
loci per region being lower than expected (Table III). The Mexico 
samples harbored the greatest number of unique alleles (Au = 6). All 
loci were tested for linkage disequilibrium. After a sequential 
Bonferroni correction, there were no significant associations between 
pairs of loci. Exact tests showed 8 loci departing from Hardy-
Weinberg equilibrium (HWE) expectations. 
Initially, we hypothesized that departure from HWE was most 
likely due to null alleles. Eight homozygous specimens from 
across the study area were genotyped and sequenced. Although 
this was a small sub-sampling of our total data set, the original 
genotypes were replicated with only minor discrepancies. Se-
quencing results showed no mutations to the original primer 
binding sites. 
Pairwise genetic differentiation was significant among the 
sampling regions (P < 0.01 after Bonferroni correction). 
Standardized FST values ranged from 0.069 to 0.59 with 6 of 36 
comparisons being relatively low (FST < 0.077). The majority of 
these low values were found between the sampling areas of the 
Gulf Coast and New Jersey. This is consistent with minimal 
genetic differentiation in these regions (Table IV). The Mexico 
population showed the highest level of genetic differentiation 
when compared to the other populations. Its FST values ranged 
from 0.437 to 0.59. Moderate to high levels of differentiation (FST 
values from 0.214 to 0.59) were also found between California 
samples and all others. 
Population genetic structure 
Among the sampled regions, AMOV A results provided 
evidence for genetic structure. P values indicate that the null 
hypothesis, i.e., no partitioning of variance between hosts and 
individuals, is rejected in favor of a hypothesis of population 
structure. While genetic variation within individual samples 
accounted for 53.1 % of the total, 35% of the variance occurred 
within the 9 geographic regions, and 11.9% of the variance was 
found between the regions (P < 0.001). 
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TABLE III. Descriptive statistics by locus and population for 11 micro satellites of D. immitis. * 
Region 
(N) Locus 
NJ (11) A (Au) 
Ho 
HE 
GA (25) A (Au) 
Ho 
HE 
FL (39) A (Au) 
Ho 
HE 
AL (10) A (Au) 
Ho 
HE 
LA (26) A (Au) 
Ho 
HE 
TX (46) A (Au) 
Ho 
HE 
MX (19) A (Au) 
Ho 
HE 
WI (6) A (Au) 
Ho 
HE 
CA (10) A (Au) 
Ho 
HE 
Totalt 
A2 
8 
0.385 
0.812 
6 
0.381 
0.700 
6 
0.389 
0.721 
7 
0.444 
0.771 
7 
0.542 
0.812 
6 
0.444 
0.678 
5 
0.105 
0.477 
5 
0.500 
0.692 
4 
0.400 
0.595 
8 
A5t 
4 
0.385 
0.698 
4 
0.357 
0.585 
6 
0.455 
0.664 
3 
0.125 
0.642 
6 
0.458 
0.642 
4 
0.304 
0.461 
4(1) 
0.421 
0.559 
5 
0.750 
0.754 
4 
0.300 
0.558 
7 
B5 
3 
0.077 
0.218 
8 
0.143 
0.726 
11 
0.258 
0.850 
5 
0.400 
0.816 
9 
0.391 
0.779 
12 
0.341 
0.854 
9(1) 
0.421 
0.777 
7 
0.417 
0.819 
7(1) 
0.200 
0.800 
16 
G9 
5 
0.385 
0.791 
4 
0.316 
0.552 
5 
0.355 
0.722 
2 
o 
0.442 
5 
0.348 
0.753 
7 
0.220 
0.766 
4 
0.133 
0.644 
4 
0.583 
0.757 
5(1) 
0.200 
0.800 
9 
H4t 
5 
0.636 
0.701 
4 
0.476 
0.619 
4 
0.444 
0.673 
4 
0.500 
0.700 
3 
0.417 
0.494 
4 
0.320 
0.589 
2 
0.389 
0.322 
3 
0.500 
0.562 
4 
0.300 
0.489 
6 
E4 
2 
0.167 
0.290 
5 
0.13 
0.633 
6(1) 
0.188 
0.563 
2 
0.100 
0.268 
4 
0.167 
0.524 
3 
0.341 
0.522 
4 
0.111 
0.387 
6 
0.417 
0.815 
5(1) 
0.600 
0.653 
9 
D2t 
3 
0.182 
0.498 
4 
0.294 
0.483 
3 
0.382 
0.403 
3 
0.286 
0.538 
4 
0.238 
0.301 
3 
0.417 
0.500 
4(2) 
0.421 
0.580 
2 
0.583 
0.518 
3 
0.111 
0.451 
6 
A4 
7 
0.700 
0.753 
4 
0.231 
0.625 
8 
0.094 
0.680 
5 
o 
0.800 
9(1) 
0.545 
0.634 
10(1) 
0.467 
0.732 
4 
0.368 
0.622 
4 
0.250 
0.489 
4 
0.300 
0.563 
13 
C2 
4 
0.083 
0.308 
8 
0.087 
0.754 
9(1) 
0.107 
0.875 
4 
o 
0.737 
11(2) 
0.409 
0.734 
11(1) 
0.298 
0.852 
6(1) 
0.316 
0.657 
8(1) 
0.167 
0.855 
4 
o 
0.758 
17 
H5 
11(2) 
0.727 
0.861 
6 
0.238 
0.798 
9 
0.257 
0.816 
3 
o 
0.615 
10 
0.478 
0.829 
6 
0.676 
0.800 
8 
0.167 
0.533 
4 
0.583 
0.859 
4 
0.800 
0.700 
14 
A05 
2 
0.154 
0.148 
3(1) 
0.056 
0.338 
5 
0.129 
0.369 
2 
0.100 
0.100 
4 
0.250 
0.384 
3 
0.140 
0.167 
6(1) 
0.474 
0.754 
2 
o 
0.159 
2(1) 
0.100 
0.100 
8 
• Abbreviations: N,' total number of samples; A, number of al1e1es; Au, number of unique al1eles; Ho, observed heterozygosity; HE, expected heterozygosity. 
t Loci in HWE calculated over al1 sampled regions. 
t Total number of alleles per locus. 
For 192 heartworms and 11 loci, results of the STRUCTURE 
analysis showed an improvement in Pr(X I K) when 2 population 
clusters were assUined rather than 1. There was a slight 
improvement for higher numbers of populations; however, no 
value of K produced a definitive peak in Pr(X I K) (Fig. 2A). AIC 
values suggested the greatest weight always corresponded to the 
largest K (data not shown). The !!K statistic of Evanno et al. 
(2005) detected population structure at K = 4 and showed 
additional peaks at K = 8 and K = 14 (Fig. 3A). 
To improve STRUCTURE's performance, the data set was 
censored to include only those loci not significantly departing 
from HWE. Figure 2B shows a more usual trend in Pr(X I K) 
values. A small, but identifiable, plateau at K = 4 can be seen, and 
this value had the greatest AIC weight. The !!K statistic showed a 
large peak at K = 2 and another at K = 4 (Fig. 3B). Figure 4A 
shows STRUCTURE's population assignments for K = 4. The 
Mexico samples cluster together with a significant amount of 
admixture elsewhere. 
As the Mexico samples appeared to have a profound effect on 
STRUCTURE's prediction of K, we reran the STRUCTURE 
analysis without those samples to determine if they were driving a 
potential artificial effect. Results showed population structure in 
TABLE IV. Pairwise FST values for 9 D. immitis sampling regions based on II microsatellite markers. Both raw (below diagonal) and standardized (above 
diagonal) FST values are included. All values ate significant (P < 0.01) after a sequential Bonferroni correction. 
Region 
New Jersey (NJ) 
Georgia (GA) 
Florida (FL) 
Alabama (AL) 
Louisiana (LA) 
Texas (TX) 
Mexico (MX) 
Wisconsin (WI) 
California (CA) 
NJ 
0.028 
0.057 
0.095 
0.089 
0.101 
0.243 
0.089 
0.155 
GA 
0.07 
0.021 
0.093 
0.041 
0.03 
0.189 
0.027 
0.115 
FL 
0.153 
0.061 
0.079 
0.024 
0.026 
0.164 
0.044 
0.123 
AL 
0.229 
0.246 
0.225 
0.109 
0.087 
0.22 
0.14 
0.178 
LA 
0.223 
0.111 
0.069 
0.287 
0.028 
0.198 
0.054 
0.14 
TX 
0.256 
0.081 
0.074 
0.229 
0.077 
0.174 
0.055 
0.105 
MX 
0.554 
0.469 
0.437 
0.523 
0.494 
0.441 
0.212 
0.248 
WI 
0.232 
0.077 
0.135 
0.391 
0.154 
0.156 
0.546 
0.077 
CA 
0.369 
0.302 
0.349 
0.451 
0.368 
0.278 
0.59 
0.214 
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FIGURE 2. (A) Mean Pr(X I K) (± SD) over 5 runs for each value of K 
for 11 loci. (B) Mean Pr(X I K) (± SD) over 5 runs for each value of K for 3 
loci in HWE. 
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FIGURE 3. Identification of the best K following Evanno et al. (2005). 
(A) Data from 11 microsatellite loci. (B) Data from 3 micro satellite loci 
that do not deviate from HWE. 
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FIGURE 4. Population genetic analyses for 192 D. immitis nematodes 
and 11 microsatellite loci. Each color represents a population group based 
on allele frequency. Vertical bars containing multiple colors indicate 
individuals of mixed ancestry. (A) STRUCTURE population assignments 
for K = 4. (B) BAPS admixture analysis of 4 clusters: blue (eastern 
cluster), green (Mexico), red (western cluster 1), and white (western 
cluster 2). 
the form of 2 broad genetic groups, i.e., an eastern cluster 
(samples from New Jersey, Georgia, Florida, Louisiana, Ala-
bama, and Texas) and a western cluster (California samples). 
Wisconsin samples were a mixture of genotypes from both the 
eastern and the western regions. 
Analyzing the data with BAPS revealed 4 population clusters 
and a more specific distribution of genotypes. In Figure 4B, each 
color corresponds to an ancestral population, Vertical bars 
represent individual nematodes and bars are divided into several 
colors when there is evidence of admixture. In North America, 
samples from east and west of the Rocky Mountains formed 2 
separate clusters. The eastern cluster included nematodes from 
New Jersey, Georgia, Florida, Louisiana, Alabama, and Texas 
with several individuals displaying admixed genotypes. California 
samples were predominantly 1 genetic group; however, BAPS 
analyses indicated the presence of a second genetic cluster in that 
sampling area. Heartworm samples from Wisconsin were an 
exception. This region harbored a fairly even mixture of 
genotypes from east and west of the Rockies. Heartworms from 
Mexico appear genetically isolated from all other samples. 
Spatial PCA analysis was conducted to express genetic 
differences between populations in conjunction with geographic 
distance. The analysis revealed marked population subdivision at 
the extreme ends of the sample range, The first and second 
principle components describe 65.9% of the variation between the 
populations. The loadings for coordinate 1 are consistent with a 
split of California, Mexico, Wisconsin, and New Jersey from the 
Gulf Coast group (samples from Georgia, Florida, Alabama, 
Louisiana, and Texas). Coordinate 2 separates Wisconsin from 
New Jersey and supports New Jersey's association with the Gulf 
.CA 
.WI +MX 
TX. ~FL 
GA· ~LA 
.NJ AL 
Coord. 1 
FIGURE 5. Spatial principle component analysis of multilocus geno-
types from D. immitis samples. Eleven microsatellite loci were used, and 
each point represents a sampling region. Coordinates I and 2 account for 
40.3% and 25.6% of the variance, respectively. Loadings show a strong 
clustering of Gulf Coast samples ([-0.031, -0.005, 0.008, 0.005, 0.003, 
-0.004, 0.199, -0.047, -0.127] [-0.081, -0.040, -0.029, -0.054, 
-0.036, -0.021, 0.078, 0.069, 0.114] for NJ, GA, FL, AL, LA, TX, 
MX, WI, and CA, respectively). 
Coast samples. Relationships among the population clusters are 
depicted in Figure 5. 
Estimates of recent migration, expressed as a proportion of the 
total population, show the Gulf Coast population to be the largest 
emigration source, with strong ties to Wisconsin (Fig. 6). The 
Gulf region also exchanges migrants with California and Mexico, 
but geographic barriers apparently restrict the amount of gene 
flow between these areas. 
DISCUSSION 
Population genetic structure in nematodes runs the gamut from 
panmixia (Johnson et at, 2006; Grillo et at, 2007; Webster et at, 
2007) to moderately (Hawdon et at, 2001) and highly structured 
(Blouin et at, 1999; Criscione et at, 2007; Redman et at, 2008). 
Our data suggest that D. immitis has moderately structured 
populations. In terms of levels of diversity both within and among 
populations, the genetic structure of canine heartworm is similar 
to that of Wuchereria bancro/ii, a related vector-borne filarial 
nematode of humans (Schwab et at, 2006; Thangadurai et at, 
2006; Churcher et at, 2008). 
As a working hypothesis, we suggest that population structure 
in heartworm may be characterized by substantial gene flow 
between some geographic areas, while habitat barriers limit the 
dispersal of vectors, but not necessarily sylvatic hosts in others. 
Studies of coyote population genetics indicate high levels of gene 
flow throughout their range and genetic structuring that 
corresponds to habitat breaks (Roy et at, 1994; Sacks et at, 
2004). The movement of domestic/companion animals might also 
contribute to connectivity between sampled regions. 
Canine heartworm exhibits a lower than expected heterozygos-
ity. This reduction in genetic diversity could be due to any number 
of processes, including null alleles, indirect selection of microsat-
ellite loci linked to coding genes, demography, or population sub-
structuring undetected in this study. Although only a small 
number of samples were examined for null alleles, the results 
suggest that this is not the reason heartworm samples are more 
homozygous than expected. Intense localized sampling could 
potentially identify further nested population structure and 
provide a more definitive reason for heartworm's decreased 
heterozygosity. 
Descriptive statistics provide evidence of population structure 
on a large geographic scale. Geographic barriers, such as the 
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FIGURE 6. Connectivity and gene flow estimates between D. immitis 
genetic clusters as computed by BA YESASS+. The 95% confidence 
intervals are indicated in parentheses. 
Rocky Mountains, Central Mexican Plateau, and Mojave-
Sonoran desert, transition mitigate vector dispersal, as they are 
inhospitable mosquito habitats (Barker et at, 2009; Venkatesan 
and Rasgon, 2010). F statistics for California and Mexico 
heartworm samples support this statement. In other regions of 
the sampling range, vertebrate host movement and viable vector 
habitat translate into higher levels of gene flow and lower levels of 
genetic differentiation. For example, the Mississippi River 
provides a movement corridor for vectors and hosts that connects 
Gulf Coast populations to Wisconsin. F statistics indicate 
heartworm samples from the Gulf Coast and New Jersey are less 
differentiated than those from California and Mexico. 
Bayesian modeling in STRUCTURE returned mixed results. 
When utilizing the entire data set of 192 individuals and 11 loci, 
STRUCTURE was unable to recover a specific number of 
population clusters. Although the method used by Evanno et at 
(2005) did show a peak at K = 4, AIC values indicated that the 
greatest weight always corresponded to the largest value of K. 
When the analysis was run with a truncated data set of 192 
individuals and the 3 loci in HWE, STRUCTURE's performance 
improved dramatically. It was able to recover 4 populations. This 
model had the greatest AIC weight. 
STRUCTURE minimizes departures from HWE, and there has 
been debate about its ability to analyze systems that have high 
levels of gene flow (Latch et at, 2006; Waples and Gaggiotti, 
2006). In the case of canine heartworm, it seems unlikely that 
STRUCTURE's initial failure can be attributed to gene flow 
alone. The censored data set demonstrated that the software was 
able to identify populations using only 3 loci that did not depart 
significantly from HWE. This suggests that STRUCTURE has 
difficulties minimizing departures from HWE in systems where 
there are substantial, and in this case biologically real, departures 
from HWE. 
BAPS analysis also recovered population structure in canine 
heartworm. It utilizes geographic sampling information to assess 
the distribution of genotypes and determine which population 
608 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.4, AUGUST 2011 
sub-structures are empirically plausible (Corander et aI., 2003). 
This analysis identified 4 population clusters and clearly indicates 
the great similarity of eastern regions (Fig. 4H). Dirofilaria 
immitis population genetic structure is most easily visualized with 
sPCA. Samples from the Gulf Coast strongly cluster together, 
while samples from California, Wisconsin, Mexico, and New 
Jersey are more removed. 
Our opportunistic sampling scheme may have affected the 
population structure and migration rate analyses in this research. 
Schwartz and McKelvey (2009) showed that STRUCTURE's 
prediction of the number of genetic clusters was influenced not 
only by the distribution of alleles, but also by sampling scheme. 
They found STRUCTURE produced misleading results in 
scenarios where neighbor mating caused a genetic gradient and 
suggested an examination of local relatedness prior to population 
genetic analysis. 
The genetic evidence is persuasive that there are at least 4 
genetically distinct D. immitis clusters in the sampling area. One 
might argue that New Jersey warrants its own population 
grouping as it is spatially removed from the rest of the Gulf 
Coast samples (Fig. 5). This ambiguity could be resolved with 
additional sampling between New Jersey and Georgia. Coordi-
nate loadings place New Jersey close to, but separate from, Gulf 
Coast samples. Although geographic barriers prevent panmixia 
between eastern and western clusters, there is a significant amount 
of gene flow east of the Rocky Mountains (Fig. 6). The East 
Coast of the United States and the Mississippi River provide 
contiguous habitats for host and vector movement. These 
corridors may promote high levels of gene flow between the Gulf 
Coast and these regions. Geographic barriers greatly restrict this 
movement to California and Mexico. This pattern of gene flow 
could certainly influence the spread of alleles beneficial to canine 
heartworm. In an area where there is a significant amount of gene 
flow, such as the Gulf Coast, the dispersal of drug resistance 
alleles would occur rapidly. Those resistance alleles would not 
necessarily need to arise in that geographic region, but could 
arrive there via dispersal from some other area. Hi-directional 
gene flow might affect the ability of drug resistance to arise in the 
first place. 
This research not only illuminates population structure in 
canine heartworm, it also suggests patterns and levels of gene flow 
consistent with that structure. This information is vitally 
important to understanding the parasite's epizootiology and can 
inform the implementation of control measures that mitigate the 
onset of drug resistance. Additionally, it sets the stage for building 
a predictive model for the spread of any such resistance in canine 
heartworm, information that could save many canine lives. 
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MOLECULAR CHARACTERIZATION OF HISTOMONAS MELEAGRIDIS AND OTHER 
PARABASALIDS IN THE UNITED STATES USING THE 5.8S, ITS-1, AND ITS-2 
RRNA REGIONS 
Lori Lollis, Richard Gerhold*, Larry McDougald, and Robert Becksteadt 
Department of Poultry Science, College of Agriculture and Environmental Sciences, University of Georgia, Athens, Georgia 30602. 
e-mail: robertb@uga.edu 
ABSTRACT: Extracted DNA from 28 Histomonas meleagridis-infected avian tissue samples from multiple hosts and geographic 
locations was analyzed for variation in the 5,8S rRNA and the flanking internal transcribed spacer regions (ITS I and ITS 2). Samples 
were amplified by polymerase chain reaction, sequenced, and compared with known sequences from GenBank accessions of H. 
meleagridis and other related protozoa, The analyses revealed significant genetic variation within H. meleagridis sequences and 
suggested the possibility of multiple genotypes within the samples or a possible misdiagnosis. Related protozoa found in some samples 
were mostly identified as Tetratrichomonas spp, However, I sample had a 93% identity to Simplicimonas similis, a newly described 
organism, suggesting the possibility of a new pathogen in poultry, A phylogenetic tree analyzing the 5.8S and flanking ITS regions was 
inconclusive and we were unable to resolve all H. meleagridis into a single grouping. In contrast, a tree constructed only on the 5.8S 
rRNA grouped all but I H. meleagridis sample into I clade, including GenBank accessions submitted from Europe. This suggests that 
the 5.8S region alone is more reliable in identifying H. meleagridis than are the combined 5.8S and flanking ITS regions. There was no 
correlation between genotypes and host species or geographic location, suggesting that H. meleagridis moves freely between multiple 
avian species in the sampled regions. 
Histomonas meleagridis is the causative agent of histomoniasis, 
more commonly known as blackhead disease. Histomonas 
meleagridis is a parabasalid protozoal parasite of the Dientamoe-
bidae, order Tritrichomonadida, and class Tritrichomonadea 
(Cepicka et aI., 2010). The Dientamoebidae includes the 4 genera 
Dientamoeba, Protrichomonas, Histomonas, and Parahistomonas. 
The family is characterized as uninucleate to binucleate, lacking 
an infrakinetosomal body in the mastigont, a costa, and an 
undulating membrane. Histomonas meleagridis has been known to 
cause significant morbidity and mortality events in gallinaceous 
birds, especially in turkeys and chickens (McDougald, 2005). It is 
believed that the ring-necked pheasant (Phasianus colchicus) is the 
natural host of H. meleagridis, and the introduction of pheasants 
into the United States coincided with the emergence of blackhead 
and the destruction of the emerging turkey industry in the early 
1890s (Lund and Chute, 1972). 
Little research has been conducted on the genetic variability of 
H. meleagridis and how it relates to infectivity, transmission, or 
virulence. Most studies have focused on the internal transcribed 
spacer (ITS) regions of the ribosomal gene. The ITS regions are 
non-coding sequences, resulting in less conservational pressure, 
and are suitable for molecular characterization of phylogeneti-
cally related organisms (Hillis and Dixon, 1991). In other studies, 
the 5.8S rRNA and flanking internal transcribed spacer regions 
(ITSI and ITS2) were used as molecular markers for comparative 
sequence analysis (Bart et aI., 2008; Gerhold et aI., 2008; Sansano-
Maestre et aI., 2009; Grabensteiner et aI., 2010), In a previous 
study, genetic variation of the ITS region I of H. meleagridis was 
scrutinized using C-profiling (van der Heijden et aI., 2006). In C-
profiling, the cysteine nucleotide pattern is compared between 
samples for evidence of genetic variation. Results yielded 3 
significant genetic variants closely related to Trichomonas 
vagina lis and Dientamoeba fragilis (van der Heijden et aI., 2006). 
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Using C-profiling of the 5.8S and flanking ITS regions, another 
recent study found 4 types of H. meleagridis. Analysis determined 
that 2 types (A and B) were similar in both chickens and turkeys, 
type C was found almost exclusively in turkeys, and the fourth 
type (D) was very rare (Hauck et aI., 2010). The goals of the 
present study were to compare sequences of 5.8S rRNA and 
flanking ITS regions, and the 5.8S region exclusively, of H. 
meleagridis from multiple avian species and various geographic 
locations in the United States in order (I) to examine the range of 
variation and possible speciation of H. meleagridis and any 
correlation to host species or geographic locale, (2) to examine the 
occurrence of breakouts relative to transmission, and (3) to 
determine if other unknown species are present, resulting in 
potential misdiagnosis of histomoniasis. 
MATERIALS AND METHODS 
Sample acquisition and DNA extraction 
A total of 130 possible histomoniasis samples from wild or commercial 
turkeys (Meleagris gallopavo), commercial and backyard chickens (Gallus 
domesticus), Chukar partridges (Alectoris chukar) , peafowl (Pavo), and 
northern bobwhites (Colinus virginian us) were obtained from labs located 
in North Carolina, Georgia, Arkansas, and California. Most samples 
consisted of paraffin-embedded tissue blocks banked within the past 5 yr, 
although some were formalin-fixed tissues, fresh tissue samples, or live 
cultured histomonads. All samples were from cases that had been 
diagnosed as histomoniasis because of characteristic gross lesions in the 
cecum, liver, or both in conjunction with microscopic observation. DNA 
was extracted using QIAGEN DNA Extraction Mini kits (QIAGEN, 
Valencia, California) per the manufacturer's instructions. Extracted DNA 
was stored at - 20 C until used for DNA amplification by polymerase 
chain reaction (PCR). 
Molecular characterization 
The 5.8S rRNA and flanking ITSI and ITS2 regions were amplified 
using Trichomonadidae-family wide primers ITSF (5'-TGCTTCACTT-
CAGCGGGTCTTCC-3') and ITSR (5'-CGGTAGGTGAACCTGCCG-
TTGG-3') (Felleisen, 1997; Cepicka et a!., 2005). PCR components 
included 1-2 III of extracted DNA in a 25-lli reaction containing Ready-to-
go PCR beads (GE Scientific, Piscataway, New Jersey) and 20 pM ofITSF 
and ITSR primers, Cycling parameters for the amplification were 94 C for 
2 min followed by 40 cycles of 94 C for 30 sec, 48 C for 30 sec, 72 C for 
2 min, and a final extension at 72 C for 15 min. For all PCR reactions, 
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water was used as a negative control to detect contamination, and DNA 
isolated from a laboratory-propagated sample of H. meleagridis was 
included as a positive control. 
PCR amplicons were separated by gel electrophoresis using a 1% 
agarose gel, stained with ethidium bromide, and visualized with UV light. 
An approximate 400-base pair (bp) amplicon was excised, and the DNA 
was purified using a QIAquick Gel Extraction kit (QIAGEN) and ligated 
into the pDrive vector using the QIAGEN PCR cloning kit per the 
manufacturer's instructions. DNA transformation procedure was per-
formed using QIAGEN EZ competent cells and 2 III of ligation-reaction 
per the manufacturer's instructions. Competent cells containing the vector 
with PCR product insert were detected with blue-white screening by 
plating 50 III of the transformation mixture on Luria-Bertani (LB) broth 
agar plates supplemented with 100 mglml carbenicillin, 100 mM of 
isopropyl ~-D-I-thiogalactopyranoside, and 40 mglml of ~-Gal reagent. 
Two to 3 colonies, if available, were isolated and propagated in LB broth 
supplemented with 100 mglml carbenicillin. Plasmid DNA was isolated 
using a Mini-prep kit (QIAGEN) per the manufacturer's instructions. 
Sequencing of the inserts was performed using MI3 F plasmid-specific 
primers at the Integrated Biotechnology Laboratories (The University of 
Georgia, Athens, Georgia). Sequences obtained from this study, and other 
related sequences, were aligned using the multisequence alignment 
ClustalX program (Thompson et aI., 1994). Phylogenetic relationships 
were analyzed using Molecular Evolutionary Genetics Analysis (Center 
for Evolutionary Functional Genomics, Tempe, Arizona), v. 4 program 
(Tamura et aI., 2007). Phylogenetic trees of both 5.8S and flanking ITS 
regions, and the 5.8S region alone, were constructed with neighbor-
joining, minimum evolution, and maximum parsimony algorithms using 
the Kimura 2-parameter model and close neighbor interchange. Bootstrap 
values were constructed using Felsentein's bootstrap test (Felsentein, 
1985). 
RESULTS 
Of 130 samples tested, 28 were successfully cloned and 
sequenced (Table I). Recovery from the formalin-fixed samples 
was low. Sequence analysis of the 5.8S and flanking ITS regions 
(Fig. I) revealed significant genetic variation within H. melea-
gridis. Phylogenetic alignment of the 5.8S, and flanking ITS 
regions with related organisms and Tritrichomonas nonconforma 
(as out-group, AY886845), resulted in a 341-bp alignment of 
which 69 were invariant, 81 variable characters were parsimony 
uninformative, and 191 were parsimony informative. Strong 
to moderate neighbor-joining (bootstrap = 78-98%), minimum 
evolution (bootstrap = 66-98%), and weak maximum parsimony 
(bootstrap = 52-92%) values support this significant variation 
(Tree A, Fig. 1). 
Clade 1 contained sequences sharing a 78.3% conserved identity 
and came from multiple species and geographic locations. The 
unresolved sequences shared a 71.6% conserved identity and 
consisted of multiple species and geographic locations. GAQ I-B, 
obtained from the same Georgia quail as GAQ I-A, was 
separated from clade 1, and the unresolved sequences had weak 
to moderate bootstrap values, neighbor-joining (66%), minimum 
evolution (58%), and maximum parsimony (72%). GABC 1 
shares a 93% maximum identity with a newly described organism, 
Simplicimonas similis, and phylogenetic analysis also determined 
GABC 1 to be closely related to S. similis (Cepicka et aI., 2010). 
Three sequences (NCT 3, NCT 4, and NCT 5) share a 90.9% 
conserved identity and are closely related to Tetratrichomonas 
gallinarum (83.6%) and Trichomonas sp. (82.7%). Sequences 
GABB 5-A and GABB 5-B, and NCT 2-A and NCT 2-B, were 
from the same broiler breeder and turkey, respectively (Table I) 
and were present in clade 1 and the unresolved sequences, 
suggesting birds can be infected with multiple genotypes. 
TABLE I. List of Histomonas meleagridis samples obtained from 
diagnostic labs. 
Isolate-host 
Arkansas samples 
Turkey I 
Turkey 2 
California samples 
Turkey 3 
Turkey 4 
Georgia samples 
Backyard chicken I 
Broiler breeder 1 
Broiler breeder 2 
Broiler breeder 3 
Broiler breeder 4 
Commercial layer I 
Quail I 
Quail 2 
Broiler breeder 5 
Broiler breeder 6 
Broiler breeder 7 
Quail 3 
Peafowl 1 
Turkey 5 
Turkey 6 
Turkey 7 
Turkey 8 
North Carolina samples 
Turkey 10 
Turkey 11 
Turkey 12 
Turkey 13 
Turkey 14 
Turkey 15 
Turkey 16 
GenBank accession no. 
HQ334189 
HQ334173 
HQ334174 
HQ334175 
HQ334182 
HQ334193 
HQ334178 
HQ334179 
HQ334180 
HQ334183 
HQ334184 
HQ334185 
HQ334176 
HQ334177 
HQ334181 
HQ334194 
HQ334191 
HQ334190 
HQ334192 
HQ334186 
HQ334187 
HQ540394 
HQ540395 
HQ540396 
HQ540397 
HQ540398 
HQ540399 
HQ334188 
GenBank Histomonas meleagridis sequences 
Host Accession nos. 
Turkey (Type A+C) 
Turkey (Type A) 
Turkey (Type A) 
Turkey (Type D) 
Turkey (Type C) 
Turkey 
Chukar partridge 
HM229778 
HM229779 
HM229780 
HM229784 
HM229786 
DQ167587 
GQ872347 
Chart ID 
Sequence group 1 * 
ART 2 
CAT 3 
CAT 4 
GABC 1 
Sequence group 3* 
GABB2 
GABB 3 
GABB4 
GACL 1 
GAQ I-At 
GAQ I-Bt 
GABB 5-At 
GABB 5-Bt 
GABB7 
Sequence group 3* 
Sequence group 2* 
Sequence group 1 * 
Sequence group 2* 
GAT7 
GAT8 
NCT 1 
NCT 2-At 
NCT 2-Bt 
NCT3 
NCT4 
NCT5 
NCT 10 
Location 
Germany 
Germany 
Germany 
Germany 
Germany 
Netherlands 
Georgia, United States 
• Indicates sequences obtained from different samples that are identical. These 
sequences were allocated to sequence group I, 2, or 3. 
t Sequences with the same number and different letter indicate those sequences that 
were not similar but were obtained from the same tissue sample. 
Genotypic variation did not correlate with host species or 
geographic location. 
Sequence analysis of the 5.8S region demonstrated high 
conservation among the H. meleagridis sequences (Tree B, 
Fig. 2). Phylogenetic alignment of the 5.8S region, with related 
organisms using Tritrichomonas nonconforma (as out-group, 
AY886845), resulted in a 116-bp alignment of which 39 were 
invariant, 47 variable characters were parsimony uninformative, 
and 30 were parsimony informative. Moderate to weak bootstrap 
values support this conservation: neighbor-joining (58%), mini-
mum evolution (56%), and maximum parsimony (87%). 
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58/58/60 
58/56/87 
87/87/* 
74/71/85 
61/65/* 
73/71/57 
71/66/63 
55/58/67 
52/*/62 
7l/7~/80 
73/79/98 
52/50/55 
GAQ I-A 
GABB4 
CAT 4 
CAT 3 
NCT 10 
Sequence Group 3 
GABB 5-A 
ART 2 
Histomonas meleagridis (HM229786) 
NCT 1 
Chukar H. meleagridis (GQ8723447) 
Histomonas meleagridis (DQI67587) 
Histomonas meleagridis (HM229778) 
GAT 8 
GABB? 
GABB2 
Histomonas meleagridis (HM229784) 
Histomonas meleagridis (HM229779) 
NCT2-A 
Histomonas meleagridis (HM229780) 
GAT 7 
Sequence Group 2 
Sequence Group 1 
GABB5-B 
NCT2-B 
GABB3 
GACL ir I Histomonas-like 
Dientamoeba fragilis (DQ233463) 
Dientam~ebafragilis 18s (DQ233448) 
GABC II I Simplicimonas-like I 
Simplicimonas similis (GQ254635) 
Tritrichomonasfoetus (DQ243911) 
Trichomonas noncoriforma 18s (AY245 140) 
Trichomonas sp. (EU569307) 
Monocercomonas spp. (AY349194) 
NCT4 } 
NCT 3 I Tetratrichomonas-like 
NCTS 
Tetratrichomonas gallinarum (AY245 156) 
GAQ I-B}j TetratrichomonaslTrichomonas-like 
Trichomonas sp. (AF236105.1) 
Honigbergiella sp. (A Y319274) 
Tritrichomonas nonconforma (A Y886845) 
FIGURE 1. Phylogenetic analysis of Histomonas meleagridis sequences and other closely related parabasalids based on the 5.8S rRNA and flanking 
ITS regions; Tree A. The tree was constructed using a neighbor-joining algorithm with 500 replications in a Kimura 2-parameter model based on the 341-
bp aligned nucleotide positions. Tritrichomonas nonconforma was used as an out-group. Unique sequences from H. meleagridis sequences obtained in this 
study are designated by letters; see Table I for avian species and geographic location of each sequence group. Bootstrap values for neighbor-joining, 
minimum evolution, and maximum parsimony algorithms are located at nodes. Asterisks indicate bootstrap values below 50%. 
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66/57/52 
98/98/92 
66/58172 
78/65/64 
611661* 
991991100 
,---------~ GABB 5-B 
64/61162 I 
96/98/100 --
I 
88/91192 
951941100 
I 
81192172 
Histomonas meleagridis (HM229778) 
Histomonas meleagridis (HM229784) 
Histomonas meleagridis (HM229779) 
GAT 7 
CAT 4 
NCTIO 
Sequence Group 1 
ART 2 
NCTI 
Histomonas meleagridis (HM229786) 
GABB3 
Histomonas meleagridis (HM229780) 
NCT 2-B 
CAT 3 
Sequence Group 2 
GABB4 
Chukar H. meleagridis (GQ8723447) 
Sequence Group 3 
GAT 8 
NCT2-A 
GABB 5-A 
Histomonas meleagridis (DQI67587) 
GAQ I-A 
GACLI 
GABB2 
GABB7 
GAQ l-B 
Dientamoebafragilis (DQ233463) 
Dientamoebafragilis 18s (DQ233448) 
Trichomonas nonconforma 18s (A Y245 140) 
Tritrichomonasfoetus (DQ2439 1 1) 
Trichomonas sp. (EU569307) 
GABCl 
Simplicimonas similis (GQ254635) 
Monocercomonas spp. (A Y349194) 
Honigbergiella sp. (AY319274) 
Trichomonas sp. (AF236105.l) 
97/9811 00 I Tetratrichomonas gallinarum (A Y245156) 
~---------------~ ,------NCTS 
98/98/99 
~---+--~ NCT 3 
~--NCT4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- Tritrichomonas nonconforma (A Y886845) 
Unresolved 
FIGURE 2. Phylogenetic analysis of Histomonas meleagridis sequences and other closely related parabasalids based on only the 5.8S rRNA region; 
Tree B. The tree was constructed using a neighbor-joining algorithm with 500 replications in a Kimura 2-parameter model based on the 116-bp aligned 
nucleotide positions. Tritrichomonas nonconforma was used as an out-group. Unique sequences from H. meleagridis sequences obtained in this study are 
designated by letters; see Table I for avian species and geographic location of each sequence group. Bootstrap values for neighbor-joining, minimum 
evolution, and maximum parsimony algorithms are located at nodes. Asterisks indicate bootstrap values below 50%. 
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Histomonas clade (Fig. 2) consisted of 26 sequences, including all 
the GenBank H meleagridis sequences which shared an 89.7% 
conserved identity. GACL 1 was separated completely from the 
other H meieagridis sequences by moderately strong bootstrap 
values: neighbor-joining (87%) and minimum evolution (87%). 
Sequence GABC 1 was determined to be more closely related to the 
simplicimonads and trichomonads with moderate bootstrap 
values: neighbor-joining (71%), minimum evolution (66%), and 
maximum parsimony (63%). Three sequences from North Carolina 
(NCT 3, NCT 4, and NCT 5) shared a 94.8% conserved identity 
and were more closely related to Tetratrichomonas gallinarum 
(93.1%) and Trichomonas sp. (93.1%) (AY245156; AF236105.1). 
GAQ I-B was determined to be related to T. gallinarum and 
Trichomonas sp., sharing a 94.8% conserved identity. 
DISCUSSION 
In this study, a total of 130 samples of possible histomoniasis 
cases were collected and, from these, 28 sequences were produced. 
Formalin-fixed tissues contained fragmented or otherwise unsuit-
able products leading to our low number of positive clones. Other 
studies with H meleagridis and T. gallinae, using similar 
materials, also reported low recovery rates (Hauck et aI., 2010; 
R. Gerhold, unpubI. obs). 
Significant genetic variation among isolates of H meleagridis 
was observed by both sequence and phylogenetic analyses of the 
5.8S rRNA and the flanking ITS regions (Tree A, Fig. 1). Our 
data are consistent with the findings of genetic variation in Dutch 
and German isolates where C-profiling of the ITS1 region was 
used to compare isolates (van der Heijden et aI., 2006; Hauck et 
aI., 2010). Our study differed from their work by comparing full 
sequences of 5.8S rRNA and flanking ITS regions (Tree A), or the 
5.8S region alone (Tree B, Fig. 2), of samples collected from 
several geographic regions in the United States. These results not 
only detected significant variation but also indicated the presence 
of other species in the samples. It was not possible to make direct 
comparisons of our work with C-profiling studies because base 
sequences are not determined in the latter method. 
Construction of 2 phylogenetic trees with different regions 
(A = 5.8S rRNA + flanking ITS regions vs. B = 5.8S rRNA 
exclusively) resulted in different associations. With Tree A, not all 
of the Histomonas-like sequences were resolved into the same 
clade. Only 1 Histomonas clade was observed along with a set of 
unresolved H meleagridis sequences, including 1 of European 
origin (DQI67587). All of the sequences from Germany 
(HM229778-HM229787) were placed into clade 1, sharing a 
maximum identity of 89-99% with the sequences from our data. 
Several of the GenBank H meleagridis sequences (DQI67587, 
Reis et aI., 2009; HM229778-HM229787, Hauck et aI., 2010) were 
from turkeys in the Netherlands and Germany. 
In contrast, construction of a tree using only the 5.8S region 
(Tree B) disclosed the strong conservation of this region among 
Histomonas-like organisms while offering a clear separation of 
other known genera and species. This suggests that the 5.8S 
region used alone is best for separation of genera and species in 
the parabasalids. In this tree, the Histomonas clade contains all 
the GenBank sequences and all but 1 of the Histomonas sp.-like 
samples. The bootstrap values are only moderate to weak (58,56, 
and 87), but sequence comparison disclosed an 89.7% conserved 
identity within this clade. 
In 3 of the samples, 2, or more, unique sequences were 
identified. We interpreted this as evidence that more than 1 H 
meleagridis isolate infected that bird. It is possible that this 
variation may be due to variation in the multiple copies of the 
rRNA genes that are found in each cell. In Trichomonas vaginalis 
G3 isolate 2, different 5S rRNA regions have been identified that 
differ in size by 1 nucleotide and show a sequence conservation of 
84%, while the T. vaginalis CNDNl47 isolate only had 1 5S 
rRNA region (Torres-Machorro et aI., 2006, 2009). Sequence 
analysis of the 5S and flanking ITS1 regions in Entamoeba 
histolytica showed no sequence variation even though multiple 
copies of the rRNA gene are present (Som et aI., 2000). Sequence 
variation within H meleagridis rRNA regions is unknown and 
warrants further research. 
GACL 1, from a Georgia commercial layer, was separated 
completely from the other H meleagridis sequences in Tree B by 
moderately strong bootstrap values (87, 87). In Tree A, this 
sequence was included with the other unresolved H meleagridis 
sequences. GACL 1 shares an 88.8% conserved identity with H 
meleagridis and an 87.9% conserved identity with D. fragilis. One 
possibility is that GACL I could be Parahistomonas wenrichi, a 
described species for which there are no reference specimens 
(Lund, 1963). Mantini et aI. (2009) isolated a culture from the 
field which they identified as P. wenrichi on the basis of 
microscopic appearance (size and presence of 4 flagella). 
Comparison between GACL! and P. wenrichi sequences identi-
fied in the Mantini study showed a low 58% conserved identity, 
suggesting that CACL! is not P. wenrichi (data not shown). 
One sample, obtained from a backyard chicken (GABC 1), was 
closely related to the newly erected genus Simplicimonas (Cepicka 
et aI., 2010), a parabasalid from the order Tritrichomonadida, 
Dientamoebidae described from a gecko (Uroplatus lineatus). This 
appears to be the first report of a Simplicimonas sp.-like organism 
in birds. It was suggested by I. Cepicka (pers. comm.) that GABC 
I could be Monocercomonas gallinarum. However, sequence 
analysis showed a 56% identity of the 5.8S and flanking ITS 
regions, and 85.3% identity of the 5.8S region shared between M 
gallinarum, compared with 75.9% and 94% identity, respectively, 
for S. simi/is. Thus, it is likely that GABC 1 is an un-described 
Simplicimonas sp.-like species. Further characterization of this 
organism will require collection of more specimens so that 
morphology, infectivity, and pathogenicity can be studied. 
NCT 3, NCT 4, and NCT 5, obtained from commercial turkeys 
in North Carolina shared a 94.8% and 90.9% conserved identity 
within the 5.8S region, and the 5.8S and flanking ITS regions, 
respectively. Analyses suggest this group is closely related to T. 
gallinarum (AY245156) and Trichomonas sp. (AF236105.1), 
sharing an 83.6% and 93.1 % conserved identity with T. gallinarum 
and an 82.7% and 93.1 % conserved identity with Trichomonas sp., 
for Tree B and Tree A, respectively. Further work will be required 
to identify the species represented by these samples. 
Sequences GAQ I-A and GAQ l-B were isolated from the same 
tissue sample and apparently represent different species. GAQ l-B 
was completely separated from the H meleagridis sequences in 
both phylogenetic trees. However, phylogenetically in Tree A, it 
was more similar to H meleagridis and D. fragilis, and in Tree B 
this sequence was closer to T. gallinarum and Trichomonas sp. 
Significant correlations with host species or geographic location 
could not be determined from this study. Samples NCT 1 and 
NCT 2-A and 2-B were from different farms in the same turkey 
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production complex but were identified as different based on 
sequence analysis. This suggests that cross-contamination of the 
complex by workers was not the source of contamination. The 
poultry industries in the United States are vast and complex and 
may contribute to this lack of correlations with frequent 
movements of birds and equipment. Entire flocks of turkeys or 
chickens used for breeding purposes may be reared in 1 state and 
then moved several states away for production. Young turkeys 
may be brooded to a certain age in 1 locale and then moved some 
distance away for grow out and marketing. The effect of such 
movements could be responsible for sequence group 1 being 
found in both Arkansas and Georgia turkeys. It seems unlikely 
that shipment of birds from a common hatchery to multiple 
locations could account for the spread of genotypic variants 
unless the birds were held in brooding facilities for some time 
before movement. 
The study has suggested that undescribed species may cause 
clinical signs similar to histomoniasis. It is well known that other 
protozoans occasionally cause such lesions (Olson et aI., 1940; 
Allen, 1941). It is not unusual for poultry to harbor more than I 
species of protozoan in the gut (Hauck et aI., 2010); some of these 
even cause lesions similar to those of histomoniasis. For many 
years, a strongly held view was that some species of Trichomonas 
or Pentatrichomonas were responsible for blackhead disease 
(Hadley, 1916; Allen, 1941). Unfortunately, the etiology of 
trichomoniasis-like diseases in poultry has not been pursued in 
recent years. It would be valuable to obtain live samples of 
variants of H. meleagridis and other detected protozoans for 
infection experiments and for further comparison. 
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SEROPREVALENCE OF TOXOPLASMA GONDIIINFECTION IN DOMESTIC PIGS IN 
DURANGO STATE, MEXICO 
C. Alvarado-Esquivel, C. Garcla-Machado*, D. Alvarado-Esquivel, A. M. Gonzalez-Salazar*, C. Briones-Frairet, 
J. Vitela-Corrales*, I. Villena:j:, and J. P. Dubey§11 
Faculty of Medicine, Juarez University of Durango State, Avenida Universidad SIN esquina Fanny Anitua, 34000 Durango, Durango State, Mexico. 
e-mail: jitender. dubey@ars.usda.gov 
ABSTRACT: Little is known concerning the prevalence of Toxoplasma gondii infection in pigs in Mexico. Accordingly, antibodies to T 
gondii were determined in 1,074 domestic pigs in Durango, Mexico using the modified agglutination test. Two groups (A, B) of pigs 
were sampled: Group A pigs (n = 555) were raised in 3 geographical regions in Durango State and Group B pigs (n = 519) were from 
Sonora State but slaughtered in Durango City. Overall, antibodies to T gondii were found in 136 (12.7%) of 1,074 pigs with titers of 
I :25 in 29, I :50 in 23, 1:1 00 in 18, I :200 in 22, 1:400 in 12, I :800 in 8, 1:1,600 in 2, and 1 :3,200 or higher in 22. Of the pigs raised in 
Durango State, seroprevalence varied with age, management, and the geographic region; pigs raised in backyards in the mountainous 
region had a significantly higher seroprevalence (32.1 %) than those raised in the valley (13.0%) and the semi-desert regions (14.0%). In 
Group A pigs from Durango, seroprevalence of T gondii infection was significantly higher in pigs older than 8 mo (19.5%) than in 
younger pigs (10.9%). In the whole pig population (Groups A and B together), seroprevalence was higher in pigs raised in Durango 
(16.0%) than in those raised in Sonora (9.1 %) and higher in mixed-breed pigs (15.7%) than in pure-bred pigs (10.3%). This is the first, 
in-depth study on the seroprevalence of T gondii infection of pigs in Mexico and the first report on pigs from Durango State, Mexico. 
Results indicate that infected pork is likely an important source of T gondii infection for humans in Durango State. 
Toxoplasma gondii infections in pigs (Sus scrafa) occur 
worldwide (Dubey, 2009a, 2009b). Toxoplasmosis can cause 
mortality and morbidity in pigs, especially in neonates (Dubey 
and Beattie, 1988). Importantly, the consumption of raw or 
undercooked meat from T. gondii-infected pigs represents a risk for 
T. gondii infection in humans (Choi et a!., 1997; Dubey, 2009a). 
We have been studying the epidemiology of T. gondii infection in 
humans (Alvarado-Esquivel et aI., 2006, 2008, 2009; Alvarado-
Esquivel, Liesenfeld, Marquez-Conde et aI., 2010; Alvarado-Esquivel, 
Liesenfeld, Torres-Castorena et aI., 2010; Alvarado-Esquivel, Rojas-
Rivera et aI., 2010; Alvarado-Esquivel, Estrada-Martinez et aI., 2011; 
Alvarado-Esquivel, U rbina -Alvarez et aI., 2011) and in other animals 
(Alvarado-Esquivel et aI., 2007; Dubey et aI., 2009) in Durango, 
Mexico. Durango, with a temperate climate, is in the north of Mexico 
and Durango City is located in the valley region in the south-central 
part of Durango State at 1,880 m above sea level. In a recent 
epidemiological study in humans in Durango City, we found an 
association of T. gondii infection with the consumption of chorizo (a 
red, fresh sausage made mostly of raw pork tissues mixed with raw 
chili pepper) (Alvarado-Esquivel, Liesenfeld, Marquez-Conde et aI., 
2010). Information regarding T. gondii infection in pigs in Durango 
State is lacking. Because pork is widely consumed in Mexico, and a 
number of typical Mexican dishes are made of this meat, we 
determined the seroprevalence of T. gondii infection in pigs raised in 
3 geographical regions in Durango State, Mexico as well as in pigs 
slaughtered in the largest abattoir in Durango City, Mexico. 
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MATERIALS AND METHODS 
Pigs surveyed 
Group A: These pigs (n = 555) were from 12 municipalities in 3 
geographical regions of Durango State, Mexico (Table I). Most (n = 539) 
were raised in backyards in 191 homes in the 12 municipalities; the remaining 
16 pigs were from a farm inside the municipality of Durango. The number of 
pigs per property surveyed ranged from I to 18 (median 3). Of these, 221 
(39.8%) were juveniles (4- to 8-mo-old) and 334 (60.2%) were adults (9- to 4-
yr-old). The juvenile pigs included 114 (51.6%) females and 107 (48.4%) 
males; 39 (17.6%) were pure breed Yorkshire and 182 were mixed breed 
(82.4%). The older pigs consisted of 272 (81.4%) females and 62 (18.6%) 
males; 78 (23.4%) were pure breed (Yorkshire or Landrace) and 256 (76.6%) 
were mixed breed. All pigs were apparently healthy. Background data were 
obtained by attending veterinarians and blood was collected from a jugular 
vein of these pigs in August 2009 to November 2010. 
Group B: These pigs (n = 519) were raised in Sonora State but slaughtered 
in an abattoir in Durango City. Sonora State is located in northwest Mexico 
and has a common border with the states of Arizona and New Mexico in the 
United States. Sonora State is the main provider of pigs for slaughtering in 
abattoirs in Durango City. Of these 519 pigs, 3 (0.6%) were juveniles and 
516 (99.4%) were adults. The 3 juvenile pigs were pure bred Yorkshire. The 
adult pigs included 485 (94.0%) females and 31 (6.0%) males; 490 (95.0%) 
were Yorkshire and 26 (5.0%) were a mixed breed. All 519 pigs were 
apparently healthy. Data on these pigs were provided by blood collectors 
and veterinarians at the abattoir, but we have no way to determine the 
validity of these data. These pigs were said to be raised on many properties, 
and we could not obtain reliable information with respect to owners or the 
management of these pigs. These pigs were slaughtered in November 2010 
and blood samples were collected directly from the hearts. 
Serological examination 
Blood samples were transported to the laboratory on the day of 
collection. Sera were collected from whole blood by centrifugation and 
stored at - 20 C until tested. Pig sera were tested for T gondii antibodies 
using 2-fold serial dilutions from 1:25 to 1: 3,200, with the modified 
agglutination test (MAT), as described by Dubey and Desmonts (1987). 
The antigen was prepared at the Laboratory of Parasitology, National 
Reference Centre on Toxoplasmosis (Reims, France) as described by 
Desmonts and Remington (1980). 
Statistical analysis 
Statistical analysis was performed using Epi Info software v. 3.5.1 
(Centers for Disease Control and Prevention: http://wwwn.cdc.gov/ 
epiinfo), The Yates' corrected Chi square test was used for comparison 
of the frequencies among groups. A P-value of <0.05 was considered 
statistically significant. 
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TABLE I. Seroprevalence of T gondii infection in domestic pigs raised in backyards in Durango, Mexico. 
Pigs tested Seroprevalence of T gondii infection 
Region Municipality Homes surveyed No. No. % 
Valleys Canathin 28 54 17 31.5 
Durango 24 112 17 15.2 
Vicente Guerrero 27 64 6 9.4 
Nuevo Ideal 4 24 2 8.3 
Coneto de Comonfort 17 51 3 5.9 
Penon Blanco 10 20 I 5 
Poanas 14 32 1 3.1 
Nombre de Dios 2 5 0 0 
All 126 362 47 13 
Semi-desert Cuencame 23 73 13 17.8 
Santa Clara 10 20 0 0 
All 33 93 13 14 
Mountains Pueblo Nuevo 19 45 18 40 
San Dimas 13 39 9 23.1 
All 32 84 27 32.1 * 
All 191 539 87 16.1 
* Significantly higher seroprevalence in pigs in the mountainous region than in those in the valley region (P ~ 0.00004) and in the semi-desert region (P ~ 0.006). 
RESULTS 
Overall, antibodies to T. gondii were found in 136 (12.7%) of 
the 1,074 pigs with MAT titers of 1:25 in 29,1:50 in 23,1:100 in 
18, 1:200 in 22, 1:400 in 12, 1:800 in 8, I: I ,600 in 2, and I :3,200 or 
higher in 22. A significantly (P = 0.0008) higher seroprevalence of 
T. gondii infection was observed in pigs raised in Durango State 
(16.0%) than in those from Sonora State (9.1%) (Table II). Pigs 
raised in backyards in Durango State (20/89, 22.5%) had a 
significantly higher frequency of high antibody titers (1 :3,200 or 
higher) than did pigs from Sonora State (2 of 47: 4.2%; P = 0.01). 
. The seroprevalence of T. gondii infection was significantly (P = 
0.01) higher in mixed (15.7%) than in pur~-breed (10.3%) pigs but 
similar in males (13.0%) and females (12.6%) (Table II). 
Of 555 pigs in Group A, 89 (16.0%) were seropositive with 
MAT titers of 1:25 in II, 1 :50 in 13, 1:100 in 11, 1:200 in 16, 1:400 
in 9, 1:800 in 7: 1:1,600 in 2, and 1:3,200 or higher in 20. 
Seroprevalence of T. gondii infection in pigs older than 8 mo was 
significantly (P = 0.009) higher than that found in younger pigs. 
Pigs up to 8-mo-old had a seroprevalence of 10.9% (24 of 221) 
with titers of 1:25 in 2, 1:50 in 6, 1:100 in 3, 1:200 in 1, 1:400 in 3, 
1:800 in 4, and 1:3,200 or higher in 5. Pigs older than 8 mo had a 
seroprevalence of 19.5% (65 of334) with titers of 1:25 in 9, 1:50 in 
7,1:100 in 8,1:200 in 15, 1:400 in 6,1:800 in 3,1:1,600 in 2, and 
1:3,200 or higher in 15. Seroprevalence varied with geographic 
source of pigs (Table I). Pigs raised in backyards in the 
mountainous region had a higher seroprevalence of T. gondii 
infection (32.1 %) than did those raised in the valley region 
(13.0%) or in the semi-desert region (14.0%). Seropositive pigs 
were found on 44 (23.0%) of the 191 properties sampled. Of 519 
pigs in Group B from the abattoir, 47 (9.1 %) were seropositive 
with MAT titers of I :25 in 18, 1:50 in 10, 1:1 00 in 7, 1 :200 in 6, 
1:400 in 3, 1 :800 in I, and 1 :3,200 or higher in 2. 
DISCUSSION 
There is very little information on T. gondii infection in pigs in 
Mexico. To our knowledge, there has been only 1 seroprevalence 
study on Mexican pigs in the last 20 yr (Dubey, 2009b). Garcia-
Vazquez et al. (1993) tested sera of 1,203 6- to lO-mo-old pigs 
slaughtered in Cuernavaca, Mexico for antibodies to T. gondii 
using an in-house ELISA. Toxoplasma gondii antibodies were 
found in 8.9% of pigs; the pigs were said to be raised in 4 
unspecified Mexican states. It is of interest that pigs slaughtered in 
the abattoir in Durango had a 9.1 % seroprevalence of T. gondii 
infection, similar to the study of Garcia-Vazquez et al. (1993), 
although different serological tests (ELISA vs. MAT) were used. 
Recently, Galvan-Ramirez et al. (2010) examined 48 pork 
samples from Ocotlan, Jalisco, Mexico for T. gondii infection, and 
T. gondii DNA was not detectable by PCR in any of the pork 
samples. Homogenate of each pork samples was also digested in 
pepsin and, after washing, digest of each sample was inoculated 
into a mouse. The recipient mice were tested for T. gondii 
infection by histopathology and serology by ELISA. Toxoplasma 
gondii was not detectable in tissues of any of the 48 bioassayed 
TABLE II. General characteristics of the 1,074 pigs studied and the 
seroprevalence of T gondii infection. 
Seroprevalence of 
Pigs tested T gondii infection 
Characteristics No. No. % P value 
Age (mo) 
4--8 224 25 11.2 0.51 
9-48 850 11l 13.1 
Gender 
Male 200 26 13 0.96 
Female 874 110 12.6 
Breed 
Pure 610 63 10.3 O.oJ 
Mixed 464 73 15.7 
Origin 
Durango State 555 89 16 0.0008 
Sonora State 519 47 9.1 
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mice, but IgG and IgM T gondii antibodies were found in 1 
mouse. Thus, 1 of 48 pork samples might have been infected, but 
definitive evidence of T gondii infection was lacking. 
Here, we found an overall seroprevalence of T gondii infection 
of 12.7% in domestic pigs in 2 states of Mexico. Differences in the 
production facilities, feeding, and environmental characteristics 
probably explain differences in the seroprevalences in pigs within 
different regions of the country. Most of the pigs in Group A in 
this study were raised outdoors in backyards at homes located in 
rural communities where pigs are frequently free-ranging, eat 
waste food, and drink untreated water. In addition, cats are also 
free-ranging, cohabiting in the same house or in neighboring 
houses. In a study of 123 farms across Illinois, Weigel et al. (1995) 
found that higher T gondii prevalence in sows was associated with 
access of cats to sows (oocyst exposure) and to fewer sows in the 
herd; outdoor housing, per se, was not the determinant factor. In 
another study of 47 swine farms in Illinois, 68.3% of 391 cats on 
these farms were seropositive, and viable T gondii were isolated 
from cat feces, soil, and feed given to pigs (Dubey et aI., 1995). We 
have no information on cats on these farms in Durango, but 
2l.0% of 105 (Alvarado-Esquivel et aI., 2007) and 9.3% of 150 
(Dubey et aI., 2008) domestic cats from Durango City had T 
gondii antibodies. 
Unlike in the United States, most pigs in Mexico are raised in 
small holdings in 'backyard' production units; in the present study 
of pigs raised in Durango, the average number of pigs per property 
was 3. In the present study, pigs raised in backyards in Durango 
State had a significantly higher frequency of high titers (1 :3,200 or 
higher) of T gondii antibodies (22.5%) than did pigs raised on the 
farm from Sonora State (4.3%). This is noteworthy because 8.5% of 
1,000 pigs from Iowa had high levels of antibodies, and viable T 
gondiiwas isolated from 75.0% of pigs with MAT titers of 1:400 or 
higher from these sows (Dubey et aI., 1995; Dubey, 2009b). These 
results may be related to repeated exposure to T gondii in the 
backyard setting. It is of interest that the magnitude of antibody 
titers in some South American countries is higher than in the 
United States, perhaps related to the probability of repeat 
infections (Frenkel and Ruiz, 1981; Dubey, 2009a). 
The MAT test used here has been extensively evaluated for the 
diagnosis of latent infection in pigs, using isolation of the parasite 
as a standard (Dubey et aI., 1995, Gardner et aI., 2010). The 
isolation of viable parasite from 37.1 % of naturally exposed sows 
with a low MAT titer of 1:20 (Dubey et aI., 1995) suggests that the 
screening dilution of 1 :25 we used is indicative of T gondii 
infection in pigs. Richomme et al. (2009), using the same 
serological procedure as used in the present study, isolated viable 
T gondii from 35.0% (21 of 60) seropositive (MAT, 1:6 or higher) 
of wild pigs from France; their results provide additional data on 
the validity of the MAT. 
In the United States, pigs are considered an important source of 
infection for T gondii infections in humans (Dubey and Jones, 
2008) and this may be true in Mexico. There were more than 
9 million pigs in Mexico in the 2007 census and 18.8% of them 
were raised in Sonora State (http://www.fira.gob.mx:8081/sas/ 
docs/InformacionEconomica/Notas_de_Analisis/Principales%20 
Resuitados%20del%20Censo%202007.pdf). Although there is no 
current census, the number of pigs in Mexico is increasing. Assuming 
a 10.0% prevalence of T gondii in 9 million pigs, 900,000 infected pig 
carcasses enter the food supply in Mexico on an annual basis. A 
single 50-kg market pig would account for over 300 servings of meat, 
and T gondii can persist in virtually all edible tissues of pigs 
during the life of the pig (Dubey, 1988). We are not aware of any 
report of toxoplasmosis in humans directly linked to eating 
infected pork in Mexico, but clinical toxoplasmosis and blindness 
have been linked to the ingestion of undercooked pork in Korea 
(Choi et aI., 1997). 
In the present study of pigs raised in backyards in the 
mountainous region, 32.1 % had a significantly higher seroprev-
alence of T gondii infection than did those raised in the valley 
region (13.0%) (P = 0.00004) and the semi-desert region (14.0%) 
(P = 0.006). The reason for these differences is unclear; however, 
differences in mean daily temperature, annual rainfall amounts, 
and other microclimatic factors may impact survival of oocysts in 
soil, which is the likely source of infection in pigs. 
Prevalence of T gondii varies dramatically among the classes of 
pig surveyed (market pigs vs. sows, indoor pigs from biosecure 
housing systems vs. free-range pigs). In the United States, the pigs 
used for unprocessed pork consumption (feeder pigs, market pigs, 
finisher pigs [these terms are synonymous]) are mostly raised 
indoors in well-managed facilities. Under these conditions, 
prevalence of T gondii has declined drastically in the last decade 
(Dubey et aI., 2005; Dubey, 2009b; Hill et aI., 2010). Currently, 
< l.0% of feeder pigs in the United States have antibodies to T 
gondii (see Dubey, 2009b; Davies, 2010); nonetheless, on some 
poorly managed farms up to 90.0% of pigs are infected with T 
gondii (Dubey et aI., 2002, 2008). A comparison is made here with 
pigs from the United States because of the close geographic 
settings; however, it is difficult to compare results from the 
present study in Mexico with surveys from other countries due to 
differences in a variety of conditions. In the United States, most 
pigs are raised in midwestern states, and there is little information 
on T gondii seroprevalence in pigs raised in Arizona or New 
Mexico, which border the Sonora State, Mexico from where 
Group B pigs were derived (Dubey, 2009b). Although we do not 
have reliable information concerning the sources of pigs in Group 
B, from an epidemiologic perspective, what is important is that 
these pigs were destined for human consumption in Durango 
State. 
Our results indicate that T gondii infections occur widely in 
pigs produced in Durango State. This finding increases public 
health concerns because consumption of chorizo (made of pork) 
has been associated with T gondii infection in humans in 
Durango (Alvarado-Esquivel, Liesenfeld, Marquez-Conde et aI., 
2010). This is the first study documenting the seroprevalence of T 
gondii infection of pigs in Durango, Mexico. These results will 
hopefully contribute to the development of optimal preventive 
measures against T gondii infection resulting from consumption 
of infected pork. 
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A REVIEW: COMPETENCE, COMPROMISE, AND CONCOMITANCE-REACTION OF THE 
HOST CELL TO TOXOPLASMA GONDIIINFECTION AND DEVELOPMENT 
Hong-Juan Peng*, Xiao-Guang Chen*, and David S. Lindsayt 
Department of Etio-biology, School of Public Health and Tropical Medicine, Southern Medical University, 1838 North Guangzhou Rd, Guangzhou, 
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ABSTRACT: Toxoplasma gondii is an important zoonotic parasite with a worldwide distribution. It infects about one-third of the 
world's population, causing serious illness in immunosuppressed individuals, fetuses, and infants. Toxoplasma gondii biology within the 
host cell includes several important phases: (1) active invasion and establishment of a nonfusogenic parasitophorous vacuole in the 
host cell, (2) extensive modification of the parasitophorous vacuolar membrane for nutrient acquisition, (3) intracellular proliferation 
by endodyogeny, (4) egress and invasion of new host cells, and (5) stagc conversion from tachyzoite to bradyzoite and establishment of 
chronic infection. During these processes, T gondii regulates the host cell by modulating morphological, physiological, immunological, 
genetic, and cellular biological aspects of the host cell. Overall, the infection/development predispositions of T gondii-host cell 
interactions overtakes the infection resistance aspects. Upon invasion and development, host cells are modulated to keep a delicate 
balance between facilitating and eliminating the infection. 
Toxoplasma gondii is an apicomplexan parasite capable of 
propagating asexually by endodyogeny in most nucleated cells. 
Approximately one-third of the world's human population is 
estimated to be chronically infected and have T gondii tissue cysts 
containing bradyzoites, making it one of the most successful 
parasites infecting humans (Persson et aI., 2007; Laliberte and 
Carruthers, 2008). Most postnatally acquired infections of T 
gondii are not symptomatic in immunocompetent individuals. 
However, primary T gondii infections may become widely 
disseminated, causing damage to the brain, eyes, liver, lungs, and 
lymph nodes and even causing death in immunecompromised 
individuals such as Acquired Immune Deficiency Syndrome patients 
and cancer patients undergoing immunosuppressive therapy. In 
pregnant women, T gondii may be transmitted to the fetus 
transplacentally, resulting in tissue destruction and hence develop-
mental defects in the fetus or newborn. Toxoplasma gondii is also an 
economically important parasite of livestock (Dubey et aI., 1998). 
Infection by T gon(lii consists of an acute phase followed by a 
chronic phase. Infectious stages consist of sporozoites, tachy-
zoites, and bradyzoites. Felines, including domestic cats, act as 
definitive hosts of T gondii within which the parasite completes 
the sexual phase of its lifecycle. Oocysts released in the feces 
undergo sporulation to form sporocysts that become a source of 
infection for intermediate hosts that include a wide range of 
domestic animals and humans. When oocysts are ingested by the 
intermediate host through contamination of water or food, 
sporocysts pass through the stomach and excyst in the intestine 
to release sporozoites. Sporozoites released from sporocysts in the 
intestine invade epithelial cells and differentiate into tachyzoites, 
an actively replicating form of T gondii. Tachyzoites, due to their 
active multiplication, cause extensive tissue damage, may 
disseminate to different tissues of the host, and are also 
transplacentally (= horizontally) transmitted. Eventually, tachy-
zoites undergo stage conversion and become slowly multiplying 
bradyzoites within the tissue cyst. If for some reason the tissue 
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cyst becomes activated, then bradyzoites can undergo stage 
conversion and become tachyzoites (bradyzoites are the only stage 
that can infect feline enterocytes and lead to oocyst production, 
but that is beyond the scope of this review; Dubey et aI., 1998). 
Acute infection consists of a cycle of host cell invasion by 
tachyzoites, replication of tachyzoites inside the parasitophorous 
vacuole (PV), and lytic egress from host cells. Chronic infection 
encompasses stage conversion of tachyzoites to bradyzoites and 
modification of the PY membrane (PVM) into a tissue cyst wall 
and maintenance of the tissue cyst with enclosed latent 
bradyzoites. During these processes, the host cells are competent 
to T gondii attachment and invasion. Finally, the host cells then 
compromise with T gondii, establishing a balance between 
facilitating and eliminating infection. Last, the host cells and the 
parasite are concomitant by the establishment of a chronic 
infection, resulting in tissue cysts. The present review highlights 
how host cells respond to the acute infection with T gondii 
tachyzoites during invasion, intracellular proliferation, egress, 
and the establishment of chronic infection with bradyzoites in a 
competent/susceptible, compromised, and concomitant way. 
Toxoplasma gondii actively invades non phagocytic and 
phagocytic cells 
The process of T gondii invasion into host cells is different from 
phagocytosis as it involves active penetration assisted by the 
actomyosin motor system of the parasite (Dobrowolski and Sibley, 
1996; Black and Boothroyd, 2000) (Figs. 1 and 2). Differences occur 
between nonphagocytic and phagocytic cells, but the mechanisms 
are the same except for some modifications, which occur on the cell 
membrane of phagocytes. Nevertheless, T gondii can be actively 
phagocytosed by competent phagocytic cells (Pacheco-Soares and 
De Souza, 2000; Li et aI., 2008; Walker et aI., 2008). 
Using cultured cells, neutrophils, even those not in contact with 
parasite, are activated to form membrane ruffles, filopodia (these 
filopodia migrate over the parasite surface), or tunnel-like 
invaginations on the membrane near the site of penetration; these 
reactions are helpful for T gondii invasion (MacLaren et aI., 
2004). There are several kinds of interactions between T gondii 
tachyzoites and neutrophils before internalization. First, many 
fingerlike filopodial projections of the host cell make contact with 
the lateroposterior portion of the parasite, and roughly 59% of 
tachyzoites interact with neutrophils in this manner. Second, 
about 25% of tachyzoites attach to the surface of neutrophils with 
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FIGURE l. Diagram of a host cell being hijacked to be competent, compromised, and concomitant to Toxoplasma gondii. (I) Toxoplasma gondii 
actively invades non phagocytic and phagocytic cells. (II) The parasitophorous vacuole (PV) protects T. gondii from being eliminated by host cells, 
especially from endosomal acidification and lysosomal fusion. (III) The host cell is induced to be competent to T. gondii infection and allow its 
proliferation by controlling the host cell cycle. The host cell is induced to arrest at S-phase for T gondii invasion and induced into entering G2/M phase 
for T. gondii proliferation. (IV) The host cell provides a nutrient pool for T. gondii proliferation and replication. Toxoplasma gondii elaborates pores in 
the PV membrane (PVM) to change its permeability, allowing small molecules to diffuse across the PVM. The other nutrients such as cholesterol are 
translocated along host microtubules (MTs) to the PV, and invaginated intact into PVM through HOST structures containing host MTs. After nutrients 
enter the PV, they likely enter into the parasite by membrane transporters. (V) The host cell is exploited by T. gondii to establish an invasion, replication, 
and egress competent chemical (Ion) environment for the parasite. (VI) The host cell cytoskeleton is reorganized to facilitate PV formation and T. gondii 
invasion. Microtubules form circular, basket-like structures that surround the PV in infected cells. The intimate interactions between T. gondii and host 
microtubules result in suppression of cell division and/or cause a mitotic defect, thus providing a larger space for parasite multiplication. (VII) Host cell 
anti-apoptotic reactions are induced by T. gondii for both self-protection and parasite-protection, mainly through regulating the death receptor pathway, 
the NF-KB pathway, and the PI3K pathway. (VIII) Toxoplasma gondii infection induces several successful immune evasion mechanisms by the host cell. 
Toxoplasma gondii induces blockage of IFN-y signaling pathway to control chronic and latent infection or induces the infected host cells to be less 
responsive to IFN-y-induced upregulation of many genes, including MHC Class II , iNOS, and the p47 GTPases. (IX) Concomitance of host cell and T. 
gondii appears with the conversion of tachyzoites into bradyzoites in immunocompetent hosts. Abbreviations: T : tachyzoite; B: bradyzoite; HN : host 
nucleus; PVM: parasitophorous vacuole membrane; MT: microtubule; MF: microfilament; mt: mitochondria ; SM: small molecule; H.O.S.T: host 
organelle-sequestering tubulo structures. 
a protruded conoid, through the filopodia, or directly through the 
conoid-host cell interface, where secretion seems to be occurring. 
The tachyzoite enters a neutrophil by the anterior (conoidal) end, 
which embraces it with filopodi a or by forming a glovelike tunnel 
around the anterior portion of the tachyzoite, and by the odd 
formation of a cavity in a lymphocyte. Third, approximately 15% 
of tachyzoites are internalized by the neutrophils with the 
posterior end first (MacLaren et aI., 2004). 
Toxoplasma gondii contains 3 special sets of secretory 
organelles that help the parasite to gain entry into host cells. 
These include cigar-shaped micronemes (MICs), bulb-shaped 
rhoptries, and spherical dense granules. Micronemes and rhop-
tries are located near the apical end, and dense granules are 
scattered throughout the parasite. The contents of these 
organelles are released at specific time points during invasion, 
and hence host cell entry by T gondii is a well-orchestrated event. 
The process of host cell invasion by T gondii begins with transient 
attachment of the parasite to the host cell. Then, a calcium-
mediated signaling event results in secretion of MIC to the 
parasite surface that enables the parasite to establish a firm 
interaction with the host cell. However, many of the host cell 
receptors involved in parasite entry into host cell remain 
undefined (Saffer et aI., 1992; Dubremetz and Schwartzman, 
1993; Boothroyd and Dubremetz, 2008; Breinich et aI., 2009). 
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FIGURE 2. Tachyzoite of the RH strain of T gondii penetrating into a 
human fibroblast cell and establishing a developing parasitophorous 
vacuole (DPV). Note the association of the host cell membrane (black 
arrows) with the conoidal end of the tachyzoite. Rhoptry sacks (R) and a 
rhoptry neck (white arrow) are visible. Bar = 1.0 !Lm. 
The parasitophorous vacuole (PV) protects T. gondii from 
being eliminated by the host cell 
Toxoplasma gondii dwells inside a PV once it gains entry into a 
host cell (Figs. 3 and 4). The formation of the PV is closely linked 
to the establishment of a moving junction (MJ) between the host 
cell and tachyzoites during invasion. The MJ forms when T. 
gondii attaches to receptors on the host cell and secretes MIC and 
rhoptry neck proteins (RONs), which assemble at the interface of 
the parasite and the host cell surface (Alexander et a!., 2005; Cao 
et a!., 2009). Recent studies have identified some key components 
of MJ that include microneme protein AMAI and RON proteins 
RON 2, RON4, RON5, and RON8 (Besteiro et a!., 2009). After 
establishing the moving junction, the parasite pushes itself 
forward, and the invagination of the plasma membrane around 
the invading parasite results in the formation of the PV (Fig. 2). 
Through the MJ, the parasite actively excludes incorporation of 
many of the host transmembrane proteins into the PV membrane, 
while allowing GPI anchored proteins to remain. Toward the end 
of the invasion process, the pinching off of the PVM results in 
separation from the host cell plasma membrane; at this point, the 
intracellular parasite is enclosed within the PVM within which it 
spends its intracellular life (Figs. 3-5). After invasion, the parasite 
further modifies the PVM, by inserting novel proteins derived 
from its secretory organelles, the rhoptries and the dense granules 
(Joiner and Roos, 2002; Straub et a!., 2009). During penetration, 
the parasite injects many rhoptry proteins into the host cell 
cytosol that appear like small satellite vesicles and are referred to 
as evacuoles that eventually fuse with the PVM (Hakansson et a!., 
2001). As the invading parasite effectively excludes many of the 
transmembrane proteins of the host cell that are involved in 
fusion with lysosomes and most of the PVM is derived from the 
FIGURE 3. Group of 4 T gondii tachyzoites developing in a 
parasitophorous vacuole (PV) surrounded by a parasitophorous vacuole 
membrane (white arrows). Host cell mitochondria (open arrow) are 
associated with the parasitophorous vacuole membrane. The nucleus (n) 
of the tachyzoites is labeled, and the conoid (arrow) is visible in 1 
tachyzoite. Bar = 1.0 !Lm. 
host cell, the PVM is a nonfusogenic compartment that is resistant 
to acidification by the endosome-lysosomal system of the host cell 
(Mordue, Desai, and Dustin, 1999; Mordue, Hakansson, et a!., 
1999; Charron and Sibley, 2004). After entry into the host cell, the 
PVM closely associates with host mitochondria (Figs. 3, 4) and 
endoplasmic reticulum (ER) and migrates toward the nucleus 
using the host microtubule network (Sibley et a!., 1994). 
FIGURE 4. Mitochondrion (arrow) in close aSSOCiatIOn with a 
developing tissue cyst of T gondii. A bradyzoite in the parasitophorous 
vacuole (PV) showing rhoptries (R), dense bodies (D), and amylopectin 
granules (A). Bar = 0.25 !Lm. 
FIGURE 5. Young tissue cyst of the RH strain of T gondii induced with 
decoquinate demonstrating bradyzoites (8) and tachyzoites (T). The 
arrowhead points to a daughter tachyzoite developing by endodyogeny 
wIthm a tachyzOlte. Note the tissue cyst wall (arrow) surrounding the 
organisms. Bar = 1.0 ~m. 
Toxoplasma gondii manipulates the cell cycle of the host 
cell for effective infection and intracellular proliferation 
Toxoplasma gondii can hijack host cells by modulating their cell 
cycle. Thus, T. gondii infection induces human fibroblast monolay-
ers to transit from the GO/G1 to S-phase and remain arrested in the 
S-phase of the cell cycle (Molestina et aI., 2008). This transition 
allows efficient invasion by the parasite, as T. gondii has been shown 
to attach and invade S-phase host cells more readily than cells in 
other phases of the cell cycle (Lavine and Arrizabalaga, 2009). 
Interestingly, growth media from T. gondii infected cells have also 
been shown to induce noninfected cells to enter S-phase. This 
suggests that T. gondii directly releases or stimulates infected host 
cells to release a soluble factor into the culture medium that induces 
host cells to enter S-phase and thus facilitate efficient infection 
(Lavine and Arrizabalaga, 2009). There is a preferential attachment 
of T. gondii to S-phase cells compared to G I-phase, and it is not 
dependent on the cells being in synchronous cycles at the time of 
infection (Grimwood et aI., 1996). 
Once inside the host cell, tachyzoites induce the host cell to arrest 
at the G2/M phase of the cell cycle to enable parasite proliferation. 
Toxoplasma gondii can divide only in host cells arrested in G2 phase 
in which mitosis has been prevented (Brunet et aI., 2008; Molestina 
et aI., 2008). A cell cycle regulating host gene UHRFI is required for 
intracellular T. gondii proliferation and induces host cell transition 
from G liS phase to G2 phase. RNAi-mediated silencing of UHRFI 
causes the cell cycle to arrest in G 1 phase, resulting in a significant 
reduction in parasite proliferation (Brunet et aI., 2008). 
The host cell provides a nutrient pool for T. gondii 
during proliferation 
Transcription profiles and genome sequencing have revealed 
that T. gondii is auxotrophic for some metabolites (Blader et aI., 
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2001; Gail et aI., 2001; Crawford et aI., 2006). Being an obligate 
intracellular pathogen, T. gondii must acquire nutrients inside the 
host cell, which cannot be obtained from extracellular sources. 
The PVM not only surrounds the intracellular T. gondii and 
provides a stable environment for parasite proliferation but also is 
an exchange interface between host cell cytosol and the parasite. 
Toxoplasma gondii modifies PVM permeability by making pores 
in the PVM, allowing some small molecules that cannot be 
synthesized de novo by the parasite, such as glucose, arginine, 
iron, tryptophan, phospholipids, purine nucleosides, and cofac-
tors, to diffuse across the PVM. Then these molecules enter the 
parasite by membrane transporters (Schwab et aI., 1994, Charron 
and Sibley, 2002; Sehgal et aI., 2005; Blader and Saeij, 2009). 
In contrast to these small molecules that passively diffuse across 
the PVM, other nutrients are obtained by more active mecha-
nisms. Toxoplasma gondii is deficient in the ability to synthesize 
sterol; blockade of exogenous and endogenous sources of host 
cholesterol reduces parasite replication. Intracellular proliferation 
of parasites is dependent on cholesterol captured from host cell 
lysosomes, through low-density lipoprotein (LDL)-mediated PV 
endocytosis, which is independent of vesicular fusion and requires 
parasite viability. The host microtubules (MTs) are reorganized 
upon T. gondii invasion, and the parasite is wrapped in a network 
of host MTs. The endo-lysosomes containing LDL-loaded 
cholesterol are translocated along host MTs to the PV and are 
placed into the PVM through host MTs containing a specific 
structure: host organelle-sequestering tubule structures (HOSTs). 
At this point, elongated membranous tubules containing LDL-
loaded cholesterol are formed. These membrane tubules are 
stabilized by the formation of a protein coat of parasite origin, 
including the dense granule protein GRA 7 (Coppens et aI., 2000, 
2006). 
The exact mechanism for entry of nutrients into the vacuole is 
unclear. The PV containing T. gondii is surrounded by an 
extensive tubular network system accumulated within the PV and 
in contact with the PVM. It has been speculated that the tubulo-
vesicular network in the vacuolar space delivers these nutrients 
from the PVM or PV to the parasite, or reversely, from parasite to 
PV or PVM (Sibley et aI., 1995; Lingelbach and Joiner, 1998). 
Toxoplasma gondii can also recruit host mitochondria and ER 
in synthesizing and transporting some nutrients the parasite 
needs; this recruitment happens quickly after the parasite invades 
a cell (Sinai et aI., 1997; Crawford et aI., 2006). Even though 
1ipoate can be synthesized de novo and used in the T. gondii 
apicop1ast, the parasite can also scavenge 1ipoate from the host 
cell, and the host-derived lipoate can be metabolized in the 
parasite's mitochondria (Crawford et aI., 2006). This phenome-
non may indicate a deficiency in lipoate metabolism in T. gondii, 
which may be due to the lack of a lipoate transporter required to 
transfer the nutrient out of the apicoplast (Crawford et aI., 2006). 
The PVM has a close association with, or is tightly enshrouded 
by, host cell mitochondrial membranes and ER, and even endo-
lysosomes (Lindsay, Mitschler et aI., 1993). It is speculated that 
host cell mitochondria and ER provide lipids and products of 
intermediary metabolism to the intracellular parasite (Sinai et aI., 
1997; Sinai and Joiner, 2001; Coppens et aI., 2006). The tight 
association of the PVM with the mitochondria and ER also 
provides a key source of new phospholipids incorporated into the 
PVM, which plays an important role in the PVM enlargement 
(Sinai et aI., 1997; Sinai and Joiner, 2001). 
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The host cell is exploited by T. gondii to establish an 
invasion-, replication-, and egress-competent chemical-
ion environment 
Cellular chemical changes induce the host cell to become 
competent to invasion and egress by T. gondii. Mobilization of 
intracellular Ca2+ plays an important role in facilitating parasite 
invasion and egress events. When tachyzoites are attaching to 
host cells, an undefined signaling event results in mobilization of 
Ca2+ from the parasite ER that triggers the invasion process 
(Pingret et aI., 1996; Lovett and Sibley, 2003; Li et aI., 2008). An 
elevation of [Ca2+]i is also associated with rapid egress of parasites 
from the host cells at the end of intracellular proliferation. 
Calcium ionophores have been used to induce the release of the 
parasites from infected cells even in the early periods (2 hr) post-
invasion (Caldas et aI., 2007; Kafsack et aI., 2009) 
Toxoplasma gondii invasion causes elevations of [Ca2ii and 
arachidonic acid (AA), which are from both host cells and 
parasites. [Ca2ii is an essential factor for protozoan parasite 
differentiation, cytoskeleton dynamics, motility, and cell growth 
(Li et aI., 2008). During T. gondii invasion, the rise of [Ca2+]i 
concentration in host cells depends on the activation of 
phospholipase C (PLC) on the host cell membrane, consequently 
triggering the PLC-PKC signaling pathway, which results in the 
flowing of extracellular Ca2+ and the releasing of intracellular 
Ca2+ pools. Elevated [Ca2ii induces agglutination of host cell 
microfilaments (Li et aI., 2008). Phospholipase C hydrolyzes 
phosphatidylinositol bisphosphate (PIP2), producing inositol tri-
phosphate and 2-diacylglycerol. Inositol triphosphate is a secondary 
messenger, which also can regulate the releasing of the Ca2+ in cells 
(Lovett et aI., 2002). Two-diacylglycerol will induce the release of 
Ca2+ attached to the ER membrane (Rodriguez et aI., 1995; Salter 
and Hicks, 1995). Arachidonic acid is a second messenger, which is 
produced by phospholipase A and mediates decomposition of 
phospholipids on the cell membrane (Ronco et aI., 2002). 
Arachidonic acid mediates multiple cellular activities such as cell 
apoptosis and inflammation. The concentration of AA is 8.44-fold 
and 5.02-fold of the basal concentration in the supernatant of 
phagocytic (J774A.l) and nonphagocytic cells (L929), respectively, 
after T. gondii infection (Li et aI., 2008). Toxoplasma gondii can 
produce secretory and cytosolic Phospholipase A2 (PLA2), and the 
production is closely related to T. gondii virulence (Buitrago-Rey et 
aI., 2002). PLA2 inhibitors can significantly decrease the intracel-
lular AA concentration and the infectivity of T. gondii tachyzoites. 
The host cell ER fuses with the PVM prior to PV disruption. 
Fusion of ER with the PVM triggers the release of calcium into 
the PV, which may also be the mechanism underlying intrava-
cuolar parasite movement and IFN-y-induced parasite egress 
(Melzer et aI., 2008). 
Two recently published papers demonstrate the role of parasite-
encoded perf orin-like protein 1 and host-derived calpain in parasite 
escape from the host cell (Chandramohandas et al., 2009; Kafsack 
et al., 2009). Both of these egress mechanisms are regulated by 
calcium. Perf orin-like protein 1 localizes to T. gondii micronemes 
and is secreted in a calcium-dependent manner. Perf orin-like 
protein I-deficient T. gondii loses the ability to rapidly permeabilize 
the PVM and host cell membrane during egress. This results in a 
failure to exit normally after proliferation in PV, resulting in 
entrapment of tachyzoites within host cells (Kafsack et aI., 2009). 
However, it also has been shown that in addition to parasite 
proteins, host-derived factor calpain plays an essential role in T. 
gondii egress. A calcium signal triggered late during T. gondii 
infection activates host cell calpain, which re-localizes to the host, 
cell plasma membrane, cleaving cytoskeletal proteins to facilitate 
parasite egress (Chandramohanadas et aI., 2009) 
The host cell cytoskeleton is reorganized fitting to T. gondii 
invasion and PV formation 
Invasion of T. gondii can activate the reorganization of 
cytoskeleton elements such as microfilaments and microtubles 
of the host cell (da Silva et ai., 2009). Interference of host cell actin 
dynamics with cytochalasins and jasplakinolide partially blocks 
T. gondii entrance into cells (Ferreira et ai., 2003). Microfilament 
adherence and accumulation has also been observed during T. 
gondii invasion of phagocytic cells, but not non-phagocytic cells 
(Li et ai., 2008). Apparently, microfilaments function differently 
in phagocytic and non-phagocytic cells during T. gondii invasion. 
The agglutination of microfilaments in phagocytic cells plays an 
important role for the successful invasion by T. gondii (Li et ai., 
2008). Some studies have suggested that host MTs may not be 
involved in T. gondii invasion (Dobrowolski and Sibley, 1996; Li 
et ai., 2008). It has been reported that host cell MTs are involved 
in the development and enlargement of the PV (Andrade et ai., 
2001). A recent report has shown that there is indeed reorgani-
zation of MTs during parasite entry (Sweeney et ai., 2010). 
Treatment of host cells with colchicine (a MT inhibitor) changes the 
shape of the PV (Melo et al., 2001). Recruitment of T. gondii is 
greatly reduced in cells treated with colchicum and cytochalasin D, 
including phagocytic and non-phagocytic cells. This result may due 
to the inhibition of MT movement, resulting in the impairment of 
resistance of phagocytic lysosome fusion of the PVM enclosing 
intracellular T. gondii (Andrade et ai., 2001; Li et aI., 2008). 
Remodeling of the host cell MT network upon T. gondii 
invasion in several different host cells has been reported. The 
phenomenon of remodeling is not cell type specific. Microtubules 
in uninfected host cells radiate from the host nucleus and form an 
ordered network throughout the cytoplasm. Nevertheless, in 
infected cells, microtubules form a circular basket-like structure 
that surrounds the PV. The remodeling of MTs is dependent on 
parasite viability and infection time. The intimate interactions 
between T. gondii and host MTs results in suppression of host cell 
division or causes a mitotic defect, or both, thus providing a 
larger space for parasite multiplication (Walker et ai., 2008). 
The small GTPase of ARF6 from the host cell is recruited to 
the site of entry and plays an important role in T. gondii invasion 
through the activation of PI3-kinase, with the involvement of 
PIP2 and PIP3. RNAi-mediated ARF6 gene knockdown greatly 
reduces the recruitment of tachyzoites in Vero cells. This indicates 
that the host cell cytoskeleton is involved in parasite invasion and 
plays an important role, as ARF6 regulates membrane trafficking 
and actin cytoskeleton reorganization (da Silva et aI., 2009). 
Maintenance of the integrity of the host cell actin cytoskeleton is 
important in parasite invasion (da Silva et ai., 2009). 
The host cell anti-apoptotic reactions are induced by 
T. gondii for both self-protection and parasite protection 
Toxoplasma gondii can infect all nucleated cells and induces 
little obvious disturbance during parasite multiplication prior to 
host cell rupture. The ability to extend the life of infected host 
cells is an anti-apoptosis-induced reaction triggered by T gondii 
infection. Interference of T gondii with host cell apoptosis is 
related to virulence factors of T gondii strains (Angeloni et a!., 
2009) and depends on the cell types being infected (Vutova et a!., 
2007; Hippe et a!., 2008). The mechanisms are mainly through 
regulating the death receptor (Hippe et a!., 2008) and the NF-KB 
(Payne et a!., 2003) and the PI3K pathways (Yang et a!., 2004). 
Toxoplasma gondii inhibits death receptor-mediated apoptosis 
in host cells (Goebel et a!., 2001; Payne et a!., 2003; Vutova et a!., 
2007). Fas/CD95 triggers an apoptotic cascade that is crucial for 
immunity and the outcome of infectious diseases. However, T 
gondii counteracts this death receptor-mediated cell death-Fasl 
CD95 cascade differently in type I and type II host cells. In type I 
host cells (like SKW6.4 cells), T gondii blocks this apoptotic 
cascade directly through interference with caspase 8. In type II 
host cells (like HeLa cells), T gondii significantly reduces Fasl 
CD95-triggered apoptosis by inhibiting the activities of initiator 
caspases 8 and 9 and effector caspase 3/7, by decreasing the 
apoptogenic function of mitochondria at the mitochondrial 
amplification loop (Vutova et a!., 2007; Hippe et a!., 2008). 
The anti-apoptotic reaction induced by T gondii infection is 
also associated with up regulation of a series of anti-apoptotic 
genes, such as the activation of NFKB-dependent anti-apoptotic 
genes (Molestina et a!., 2003; Payne et a!., 2003). PKB inactivates 
the Forkhead family transcription factor FKHR1, which regu-
lates apoptosis-inducing genes, reduces activation of caspase 
molecules, and downregulates poly ADP-ribose polymerase 
expression (Goebel et a!., 2001). PKB has also been implicated 
in positive regulation of the NFKB signaling pathway that leads to 
induction of several survival-promoting genes (Patra et a!., 2004). 
The anti-apoptotic function of PKB occurs in part through 
phosphorylative inactivation of the proapoptotic proteins Bad 
and caspase-9 (Blume-Jensen et a!., 1998). 
The phosphoinositide 3-kinase (PI 3-kinase) pathway and 
immediate downstream effector protein kinase B (PKB/Akt) play 
important roles in cell survival and apoptosis inhibition (Scheid 
and Woodget, 2001; Yang et a!., 2004). Toxoplasma gondii 
activates PI3-kinase through the signal pathway transmitted by 
the heterotrimer of Gi protein, resulting in the phosphorylation of 
PKB/Akt and ERK1!2 MAPK. Both in vitro and in vivo 
experiments have demonstrated that after mouse phagocytes are 
infected by T gondii, the PKB/Akt pathway is activated, and the 
induction of apoptosis in infected macrophages is prevented (Kim 
and Denkers, 2006). 
Toxoplasma gondii appears to block apoptosis in its host cells at 
different points and to co-opt host apoptotic signaling pathways 
in an environment-sensing mechanism (Persson et a!., 2007). The 
cells infected by T gondii are resistant to multiple inducers of 
apoptosis, including cytotoxic T lymphocyte (Fas-dependent or 
-independent), IL-2 deprivation, gamma irradiation, UV irradi-
ation, and the calcium ionophore beauvericin (Nash et a!., 1998; 
Luder and Gross, 2005). However, T gondii blocks host cell 
apoptosis, including the inhibition of cytochrome C released from 
host cell mitochondria, upregulation of anti-apoptotic proteins of 
the Bcl-2 and lAP families, interference with proapoptotic Bax 
and Bad, modulation of cell death-regulating kinase activities, 
inhibition of caspase, and possibly modulation of cytochrome C-
induced caspase 3/7 activation (Hippe et a!., 2008). 
Usually T gondii triggers host cell rupture and egress of 
parasites before induction of host cell apoptosis (Persson et a!., 
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2007). Death receptor-induced egress of T gondii depends on 
caspase-mediated release of intracellular calcium early in the 
apoptotic cascade. T cells induce rapid egress of infectious 
parasites by acting on infected cells via death receptor- or 
perforin-dependent pathways (Persson et a!., 2007). 
Toxoplasma gondii infection induces a series of successful 
immune evasion mechanisms in the host cell 
Successful parasitic infection with host and parasite survival 
necessitates a balance between parasite immune evasion and host 
immune surveillance. Upon invasion, T gondii induces a strong cell-
mediated and IFN-y-driven immune response in its mammalian 
hosts to resist acute infection and maintain latent infection (Suzuki 
et a!., 1989). However, T gondii also adjusts the host immune 
response by inducing infected cells to be less responsive to IFN-y 
signaling. This ability may be the most important mechanism for 
immune evasion from a robust IFN-y mediated cellular immunity 
employed by T gondii (Kim et a!., 2007). For example, host cells 
infected by T gondii are significantly less responsive to IFN-y-
induced upregulation of many genes, including MHC Class II, 
iNOS, and the p47 GTPases. IFN-y-inducible gene expression of 
iNOS, MIG, IIGP1, and IFN-y-induced NO is inhibited in the 
infected cells (Lang et a!., 2006; Zimmennann et a!., 2006; Kim et 
a!., 2007). The ability and inability of host cells to inhibit IFN-y 
responses is correlated with differences in host range, T gondii 
virulence, and persistence (Kim et a!., 2007). Toxoplasma gondii 
infection-induced IFN-y signaling is inhibited by blocking STA Tl 
transcriptional activity (Kim et a!., 2007) or via a decrease in STA Tl 
tyrosine phosphorylation, or both (Zimmermann et aI., 2006). 
There is some evidence that T gondii inhibits ST A Tl by 
upregulating levels of the endogenous suppressor of cytokine 
signaling protein (SOCS) in the host cells, which contributes to 
the parasite's inhibition of IFN-y. SOCS represents a protein 
family, including SOCSI-7 and CIS, which are considered as 
attenuators of IFN-y signaling through either inhibiting the 
catalytic activity of JAKs or by inhibiting recruitment of STATs 
(Zimmermann et a!., 2006). These findings show the inhibition of 
IFN-y signaling will result in immune evasion of T gondii, but the 
mechanisms of these kinds of inhibitions are still not clear. 
Concomitant status between the host cell and T. gondii 
appears with the conversion of tachyzoites into 
bradyzoites in immunocompetent hosts 
After initial acquisition of infection in immunocompetent hosts, 
T gondii tachyzoites soon convert into bradyzoites to establish a 
chronic, asymptomatic infection (Dubey et a!., 1998). Bradyzoites 
normally cannot be cleared by the host because of the weak 
immune response that they elicit; elimination is also difficult 
because of their refractoriness to existing drugs (Guimaraes et a!., 
2008). Thus, a concomitant status between the host and the 
parasite is established. 
The mechanism for conversion from the acute to the chronic 
phase of infection is still largely unknown. Most isolates of T 
gondii will produce tissue cysts in vitro (Lindsay, Toivio-
Kinnucan, and Blagburn, 1993) despite the infective stage 
inoculated (Lindsay et a!., 1991). A variety of environmental 
stresses will induce this conversion. Stress results in phosphory-
lation of T gondii eukaryotic initiation factor-2a (TgIF2a), and 
TgIF2a phosphorylation is employed by cells to maintain a latent 
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state. Phosphorylated TgIF2ex in bradyzoites might be part of the 
explanation for the manner in which these parasites maintain their 
quiescent state in the host cells (Narasimhan et ai., 2008). 
The tachyzoite-bradyzoite conversion models in vitro can be 
achieved using various stress conditions that mimic immune-
derived stressors, like high pH, IFN-y, TNF-ex, nitric oxide, high 
temperature, nutrient starvation, or by some drugs used to treat 
T gondii infections (Bohne et ai., 1993; Soete et ai., 1994; Lindsay 
et ai., 1998; Fox et ai., 2004). Stress-induced elevation of cyclic 
nucleotides may play an important role in the conversion of T. 
gondii tachyzoites to bradyzoites (Kirkman et ai., 2001). 
At the beginning of conversion, the expression of tachyzoite-
specific genes such as SAG1, SAG2A, SAG2B, LDH1, EN02, 
PtdIns(t), and SRSI-SRS3 are turned off and replaced by the 
expression of bradyzoite-specific genes such as SAG2C, SAG2D, 
SAG4, BSR4, MAGI, LDH2, ENOl, BAG1, PtdIns(b), and p-
ATPase (Lyons et ai., 2002). During stage conversion, there is a 
decrease in the expression of immunogenic surface proteins, and 
metabolic enzymes and an increase in the abundance of genes that 
act to facilitate entry into host cells (Lyons et ai., 2002). Changes 
in host cell transcription can directly influence the molecular 
environment to enable bradyzoite development. Human cell 
division autoantigen-l upregulation causes the inhibition of 
parasite replication and subsequently leads to tachyzoite-brady-
zoite conversion. How the parasite modulates the biochemical 
environment of the cell is unknown, but, apparently, bradyzoites 
are primarily distributed in differentiated, long-lived cells such as 
mature skeletal muscle and brain neurons (Radke et ai., 2003). 
Interferon-y also drives the conversion of T gondii tachyzoites 
to bradyzoites, resulting in the conversion of acute infection to 
chronic infection, and, at the same time, suppresses the 
reactivation of bradyzoites to tachyzoites in immune-competent 
hosts (Bohne et ai., 1993). 
The intracellular T gondii extensively modulates its host cell so 
as to efficiently grow and divide. In doing so, it is one of the most 
successful parasites of humans, infecting almost one-third of the 
world's population. In immunocompetent hosts, T gondii induces 
the host cell to be competent, compromised, and concomitant to 
the parasite to help in every way for T gondii invasion, 
replication, and persistence. It remains mostly a mystery how 
the host cell is induced to be competent for T gondii invasion and 
egress, compromised to T gondii in parasitizing, proliferation, 
and multiplication, and, eventually, concomitant in the relation-
ship between the parasite and host cell when tachyzoites 
successfully convert to bradyzoites. 
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DISTRIBUTION AND REPRODUCTIVE STRATEGIES OF GYRINICOLA BATRACHIENSIS 
(OXVUROIDEA: PHARVNGODONIDAE) IN LARVAE OF EIGHT SPECIES OF AMPHIBIANS 
FROM NEBRASKA 
Heather R. Rhoden and Matthew G. Bolek 
Department of Zoology, Oklahoma State University, Stillwater, Oklahoma 74078. e-mail: bolek@okstate.edu 
ABSTRACT: In total, 462 tadpoles and salamander larvae of 8 species were examined for the presence of Gyrinicola batrachiensis from 
5 locations in Nebraska. Infection by G. batrachiensis occurred in tadpoles of Rana blairi, Rana catesbeiana, Rana pipiens, and Bufo 
woodhousii. Tadpoles of Hyla chrysoscelis, Spea bombifrons, and Pseudacris maculata and larvae of Ambystoma mavortium were not 
infected with G. batrachiensis. Population structure, defined as prevalence, mean abundance, and mean intensity of G. batrachiensis, 
varied among tadpoles of different amphibian species and was determined by collection locality, developmental period of tadpole 
hosts, amphibian species co-occurrence, and different reproductive strategies of G. batrachiensis, or a combination. Gyrinicola 
batrachiensis observed in all ranid tadpoles and B. woodhousii tadpoles from where bufonids were the only anuran species present, 
confirmed to the didelphic haplodiploidy and mono delphic parthenogenetic reproductive strategies, respectively. However, tadpoles of 
B. woodhousii that co-occurred with tadpoles of R. pipiens at Cedar Creek were inconsistent with these predictions and contained both 
male and didelphic female nematodes, but at a low mean intensity (1.61 ± 0.70). Didelphic female nematodes from B. woodhousii 
tadpoles at Cedar Creek only produced thick-shelled eggs, whereas nematodes in R pipiens tadpoles had a high mean intensity (14.88 
± 23.83) from this location and contained both thick-shelled and thin-shelled eggs in their respective uteri. More importantly, adult 
female nematodes from tadpoles of R. pipiens and B. woodhousii from Cedar Creek were morphologically more similar to each other 
than to female nematodes recovered from tadpoles of other anuran species, other locations, or both. These data suggest that when 
strains of G. batrachiensis are shared by tadpoles of different amphibian species that differ in developmental period, the nematodes 
have an intermediate reproductive strategy in amphibian species, with tadpoles having short development. 
Species of Gyrinicola Yamaguti, 1938 occur in tadpole stages of 
Holarctic and Neotropical anurans. Currently, 5 species have 
been described, including Gyrinicola batrachiensis (Walton 1929), 
Adamson 1981, from North America; Gyrinicola tha (Dinnik 
1933) and Gyrinicola chabadamsoniPlanade and Baine, 2008 from 
Europe; Gyrinicola japonica Yamaguti 1938 from Japan; and 
Gyrinicola chabaudi, Araujo and Artigas, 1982, from South 
America. These pinworms infect the gastrointestinal tract of 
tadpoles, whereas metamorphosing tadpoles and adult frogs are 
resistant to infections (Adamson, 1981a; Bursey and DeWolf, 
1998; Pryor and Greiner, 2004). Gyrinicola batrachiensis is 
considered to have a mutualistic relationship with their tadpole 
hosts, by increasing fermentation rates within tadpoles and 
consequently accelerating tadpole developmental time to meta-
morphosis (Pryor and Bjorndal, 2005). 
Adamson (l981a, 1981b, 1981c, 1981d) described the morphol-
ogy, life cycle, genetics, and seasonal recruitment of G. 
batrachiensis in tadpoles of 8 species of anurans from Canada. 
His studies demonstrate that G. batrachiensis is haplodiploid and 
that females possess 2 sets of chromosomes (2n), whereas males 
possess 1 set of chromosomes (n). Gyrinicola batrachiensis has a 
direct life cycle, and tadpoles acquire initial infections by ingesting 
thick-shelled eggs that are distributed on the pond bottom. 
Female worms have a complex reproductive anatomy. One 
uterine hom produces thick-shelled unembryonated eggs used as 
transmission agents from tadpole to tadpole, whereas the second 
uterine hom produces thin-shelled eggs with juveniles used for 
autoinfection. All thin-shelled autoinfective eggs cannot survive 
outside of the tadpole host and die within an hour in pond water. 
Importantly, the development of the genital tract producing thin-
shelled auto infective eggs varies according to the amphibian 
species and its larval developmental time. In some tadpole hosts 
with short developmental periods (a few weeks), such as Bufo 
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americanus and Bufo terrestris, G. batrachiensis nematodes 
reproduce parthenogenetically (Adamson, 1981a; Pryor and 
Greiner, 2004). Female nematodes in these hosts are mono-
delphic, possessing a single uterine hom that produces thick-
shelled environmentally resistant eggs that are shed from the host. 
In other hosts with longer larval developmental periods (months 
to years), such as tadpoles of true frogs (Rana catesbeiana, Rana 
clamitans, and Rana pipiens), both male and female G. batra-
chiensis nematodes occur and reproduce by haplodiploidy 
(Adamson, 1981a). Female nematodes in tadpoles of these hosts 
are didelphic, producing thin-shelled autoinfective eggs in 1 
uterine hom and thick-shelled environmentally resistant eggs that 
are shed from the second uterine hom. Adamson's (l981a) 
experimental infections indicated that tadpoles with long devel-
opmental periods, such as R clamitans infected with thick-shelled 
eggs from naturally infected tadpoles of B. americanus with short 
developmental periods, only produced female worms, whereas 
tadpoles of R. clamitans infected with thick shelled-eggs from 
naturally infected tadpoles of R. clamitans produced both male 
and female worms. Adamson (1981a) argued that these dramat-
ically different reproductive strategies in G. batrachiensis are 
adaptive responses to different life history and developmental 
strategies of different anuran hosts. These data suggest that 
parthenogenetic and haplodiploidy strains of G. batrachiensis are 
genetically determined and that it is unclear whether phenotypic 
reproductive plasticity exists among these strains. 
In North America, G. batrachiensis has been reported from 
tadpoles of 14 anuran species from California, Florida, Michigan, 
and Ohio, as well as Ontario and Quebec, Canada. However, larvae 
of most amphibian species from North America have never been 
examined for this nematode, and, to our knowledge, no infection 
parameters (prevalence, mean intensity, and mean abundance) or 
reproductive strategies are available for G. batrachiensis in larvae of 
multiple sympatric amphibian species co-occurring in a single body 
of water (see Pryor and Greiner, 2004). Here, we examined larvae of 
7 species of anurans and 1 species of salamander from 5 locations in 
Nebraska that differed in their developmental period and amphib-
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TABLE I. Collection site, amphibian species, developmental time (DT) in weeks, prevalence, mean intensity (MI), and mean abundance (MA) of 
Gyrinicola batrachiensis in larvae of 8 species of amphibians collected during 2008 and 2009 from 5 locations in Nebraska. 
Collection site Location Year Amphibian species 
Pawnee Lake Lancaster County 2008 Rana catesbeiana 
(40.8565N, 96.8927W) 2008 Rana blairi 
2008 Hyla chrysoscelis 
2008 Pseudacris maculate 
Beckius Pond Keith County 2008 Bufo woodhousii 
(41.20835N, 101.61777W) 
Nevens Pond Keith County 2008 R. catesbeiana 
(41.207 !ON, 101.40850W) 2009 R. catesbeiana 
2009 Ambystoma 
movortium 
Nevens Pond Keith County 2008 Spea bombifrons 
Puddle (41.1942N, 101.3892W) 2009 S. bombifrons 
Cedar Creek Keith County 2008 Rana pipiens 
(41.1 8639N, 101.36276W) 2009 R. pipiens 
2009 B. woodhousii 
• Data referenced in Lannaa (2005) ar Petranka (1998). 
ian species co-occurrence for infections with G. batrachiensis. Our 
goals were to document this nematode in Nebraska, examine field 
host specificity and reproductive strategy of this nematode in 
amphibian species that varied in their larval developmental period, 
and compare the reproductive strategy of this nematode in tadpoles 
in co-occurring amphibian species with short and long develop-
mental periods in nature. 
MATERIALS AND METHODS 
During May-July 2008 and 2009, 462 larval amphibians in total, 
including tadpoles of 7 species of anurans and larvae of 1 species of 
salamander, were collected from 5 sites in Nebraska (Table I). Larval 
amphibians were transported to the laboratory in 19-L buckets filled with 
pond water and killed in MS-222 (tricaine methanesulfonate) within 72 hr 
of capture. All tadpoles were identified using online keys by Altig et al. 
(2008), and all larval salamanders were identified based on descriptions in 
Petranka (1998). During necropsy, complete digestive tracts were removed 
from tadpoles and salamander larvae and examined for G. batrachiensis. 
All nematodes were removed and fixed in 70% ethanol, cleared in glycerol, 
and identified as temporary mounts according to Adamson (l98Ib) and 
Planade et al. (2008). Pinworms from each amphibian host were sexed and 
a subset of adult worms from each host species was measured with a 
calibrated ocular micrometer for total length, maximum width, nerve ring 
distance from anterior end, esophagus length, pharyngeal bulb length and 
width, excretory pore distance from anterior end, and tail length. In 
addition, the location of the vulva from the anterior end and egg length 
and width of thick-shelled eggs were measured in female worms, and 
spicule length was measured in male worms (see Fig. I). All measurements 
are reported in micrometers, unless otherwise noted. All gravid female G. 
batrachiensis were differentiated as mono delphic or didelphic based on 
descriptions by Adamson (1981a, 198Ib), and the presence of thick-shelled 
eggs and thin-shelled eggs was recorded for each component population of 
pinworms for each host and collection year. 
Prevalence, mean intensity (MI), and mean abundance (MA) of 
nematodes for each amphibian species, location, and year was calculated 
according to Bush et al. (1997). Species-specific larval amphibian 
developmental times were based on life history descriptions reported in 
Lannoo (2005) and Petranka (1998). The chi-square test for independence 
was calculated to compare differences in prevalence, and Student's t-test 
was used to compare differences in mean intensity, mean abundance 
among tadpoles of the same species collected in multiple years or among 
tadpoles of multiple species when sample sizes were appropriate (more 
than 2 individuals infected). Approximate t-tests were calculated when 
variances were heteroscedastic (Sokal and Rohlf, 1981). A I-way analysis 
% (No. infected/ MI ± I SD 
DT* no. examined) (range) MA ± 1 SD 
104-156 33 (1/3) (21) 7 ± 12.12 
12-24 8 (4/47) 4 ± 4.76 (1-11) 0.34 ± 1.66 
4-9.3 o (0/32) 
6-13 o (0/15) 
5-7 13 (11/85) 1.08 ± 0.51 (1-2) 0.15 ± 0.42 
104-156 52 (13/25) 8.15 ± 7.21 (1-21) 4.24 ± 6.58 
104-156 56 (14/25) 6.78 ± 6.09 (1-16) 3.8 ± 5.65 
8-20 o (0/50) 
2-3 o (0/10) 
2-3 o (0/50) 
12-24 10 (4/40) 23.5 ± 36.74 (1-78) 2.35 ± 12.44 
12-24 50 (15/30) 14.88 ± 23.83 (1-74) 7.44 ± 18.19 
5-7 66 (33/50) 1.61 ± 0.70 (1-3) 1.06 ± 0.96 
of variance and Sheffe's post hoc test was used to compare differences of 
morphological characters of adult male and female worms recovered from 
tadpoles of different amphibian species. The Kruskal-Wallis test and the 
Kolmogorov-Smirnov 2-sample post hoc tests were used when variances 
were heteroscedastic (Sokal and Rohlf, 1981). Voucher specimens for 
monodelphic and didelphic females, as well as males and juvenile 
nematodes from larvae of different amphibian species, were deposited in 
the H. W. Manter Parasitology Collection, University of Nebraska, 
Lincoln, Nebraska (accessions HWML 66679 juvenile from B. woodhousii; 
66680 male from B. woodhousii; 66681 didelphic female from B. 
woodhousii; and 66682 monodelphic female from B. woodhousii; 66683 
juvenile from R. blairi; 66684 didelphic female from R. blairi; 66685 
juvenile from R. catesbeiana; 66686 male from R. catesbeiana; 66687 
didelphic female from R catesbeiana; 66688 juvenile from R. pipiens; 
66689 male from R. pipiens; 66690 didelphic female from R. pipiens). 
RESULTS 
Pinworm-infected larval amphibians occurred in Pawnee Lake, 
Beckius Pond, Nevens Pond, and Cedar Creek, whereas no 
pinworms occurred in tadpoles from the puddle at Nevens Pond. 
In total, 622 individual G. batrachiensis were recovered from 
tadpoles of R. blairi, R. catesbeiana, R. pipiens, and B. woodhousii, 
but pinworms were absent from tadpoles of H. chrysoscelis, 
P. maculata, and Spea bombifrons, and larvae of barred tiger 
salamanders, Ambystoma mavortium (Table I). Prevalence was 
highest for B. woodhousii from Cedar Creek, and mean intensity 
and mean abundance were highest for R. catesbeiana from Nevens 
Pond and lowest for tadpoles of B. woodhousii from Beckius Pond 
(Table I). No significant differences existed in prevalence, mean 
intensity, or mean abundance of G. batrachiensis from tadpoles of 
R catesbeiana collected from Nevens Pond during 2008 and 2009 
(X2 = 0.08, P> 0.05; t = 0.53, P = 0.60 for MI; t = 0.25, P = 0.80 
for MA), whereas prevalence was significantly higher for G. 
batrachiensis from tadpoles of R. pipiens collected from Cedar 
Creek in 2009 than 2008 (X2 = 13.86, P < 0.0001). There were no 
significant differences in prevalence or MA of G. batrachiensis 
among co-occurring tadpoles of R. pipiens and B. woodhousii 
collected from Cedar Creek (X2 = 2.00, P > 0.05; t' = 1.91, P > 
0.05), whereas tadpoles of R. pipiens had a significantly higher MI 
(14.88 ± 23.83) of G. batrachiensis than tadpoles of B. woodhousii 
(1.61 ± 0.70; t' = 2.14, P = 0.05) at Cedar Creek. 
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FIGURE I. Major morphological characters · of Gyrinicola batrachiensis from a tadpole of Rana catesbeiana from Nevens Pond, Keith County, 
Nebraska. (A) Ventral view of entire female worm. Scale bar = 150 !im. (8) Anterior end of female worm. Scale bar = 35 !im. (C) Lateral view of 
posterior end of male. Scale bar = 40 !im. (D) Thick-shelled egg in uterus. Scale bar = 20 !im. Eg = thick-shelled egg, Ep = excretory pore, In = 
intestine, Nr = nerve ring, Os = esophagus, Pb = pharyngeal bulb, Se = spicule, TL = tail , Va = vulva, Us = uterus. 
At least some female worms with thick-shelled and thin-shelled 
autoinfective eggs infected tadpoles with a long developmental 
period, such as R. blairi and R. catesbeiana from Pawnee Lake, 
tadpoles of R. catesbeiana from Nevens Pond, and tadpoles of R. 
pipiens from Cedar Creek. All gravid females, were didelphic 
(Fig. 2). Male G. batrachiensis were only present in long developing 
tadpoles of R. catesbeiana and R. pipiens from Nevens Pond and 
Cedar Creek, respectively, but they were absent from tadpoles of R. 
blairi and R. catesbeiana from Pawnee Lake (Table II). In contrast, 
only monodelphic females with thick-shelled eggs were recovered 
from tadpoles of B. woodhousii from Beckius Pond, where this was 
the only amphibian species present. However, both females and 
male G. batrachiensis were recovered from tadpoles of B. woodhousii 
that co-occurred with tadpoles of R. pipiens at Cedar Creek 
(Table II). All gravid female G. batrachiensis infecting tadpoles of B. 
woodhousii from Cedar Creek were didelphic, but they only 
contained thick-shelled eggs (Table II). 
Morphological comparisons of adult female and male G. 
batrachiensis from tadpoles of different anuran species and 
locations indicated that worms were highly variable (Tables III, 
IV). Female G. batrachiensis from different species of hosts 
exhibited significant differences for all morphological compari-
sons except for total length, pharyngeal bulb length, vulva 
distance from the anterior end, and thick-shelled egg length 
(Table III). Males exhibited significant differences for all com-
parisons except pharyngeal bulb length and width, and nerve ring 
and excretory pore distance from the anterior end (Table IV). The 
Kolmogorov-Smirnov 2-sample tests or Sheffe's post hoc test 
revealed significant differences in at least 1 of the 9 or 11 
morphological characteristics examined in adult male and female 
G. batrachiensis, respectively, among all possible pairs of 
amphibian species (Tables V, VI). Morphological comparisons 
of female nematodes recovered from various amphibian hosts 
indicated that female worms differed significantly in 3 to 5 of the 
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FIGURE 2. Female reproductive system and eggs of Gyrinicola batrachiensis removed from a bullfrog tadpole. (A) Mid-lateral region of G. 
batrachiensis showing portions of 2 uteri producing thick shelled eggs (white arrow) and thin-shelled eggs (black arrow). Scale bar = 100 f.Lm. (8) Thick-
shelled egg. Scale bar = 20 f.Lm. (C) Thin-shelled egg with developed juvenile. Scale bar = 20 f.Lm. 
11 morphological characters measured in all possible anuran 
species or location pair combinations except for female worms 
recovered from co-occurring tadpoles of B. woodhousii and R. 
pipiens from Cedar Creek, which only differed significantly in tail 
length (Table V). 
DISCUSSION 
Our article is the first comparative study of G. batrachiensis 
infections in sympatrically occurring amphibian larvae of 
different species that differ in their developmental period and 
co-occurrence. Our data suggest that G. batrachiensis populations 
do not always fit the 2 alternative reproductive strategies in long 
and short developmental period tadpoles when tadpoles of 
different amphibian species co-occur. In addition, these results 
expand the geographic range for G. batrachiensis in the Great 
Plains region of North America and add 2 new host records from 
tadpoles of R. blairi and B. woodhousii. Comparative morpho-
logical data on adult male and female G. batrachiensis from 
tadpoles of various anuran species indicate that this nematode is 
highly variable morphologically. However, our measurements of 
adult female and male G. batrachiensis from tadpoles of R. 
catesbeiana and R. pipiens, and from tadpoles of B. woodhousii 
from Beckius Pond, fell within 1 SD of the measurements 
TABLE II. Number of juveniles, males, and females; uterus type, type of eggs in uterus and suggested reproductive strategy of component populations of 
Gyrinicola batrachiensis recovered from anuran tadpoles from 4 locations in Nebraska. 
No. of No. of No. of Reproductive 
Location Amphibian species Yr juveniles males females Uterus type Type of eggs in uterus strategy 
Pawnee Lake Rana catesbeiana 2008 0 0 21 Didelphic Thick-shelled and thin-shelled Haplodiploidy 
Rana blairi 2008 14 0 2 Didelphic Thick-shelled and thin-shelled Haplodiploidy 
Beckius Pond Bu/o woodhousii 2008 0 0 14 Monodelphic Thick-shelled Parthenogenesis 
Nevens Pond R. catesheiana 2008 31 54 21 Didelphic Thick-shelled and thin-shelled Haplodiploidy 
R. catesbeiana 2009 27 49 19 Didelphic Thick-shelled and thin-shelled Haplodiploidy 
Cedar Creek Rana pipiens 2008 37 22 35 Didelphic Thick-shelled and thin-shelled Haplodiploidy 
R. pipiens 2009 61 51 III Didelphic Thick-shelled and thin-shelled Haplodiploidy 
B. woodhousii 2009 IS 17 21 Didelphic Thick-shelled Haplodiploidy 
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TABLE III. Morphological characters (reported as an average ± I SD) of adult female Gyrinicola batrachiensis from tadpoles of 4 species of anurans 
collected from 4 locations in Nebraska. 
Rana catesbeiana 
Rana blairi (Nevens Pond and Rana pipiens Bufo woodhousii B. woodhousii 
(Pawnee Lake) Pawnee Lake) (Cedar Creek) (Beckius) (Cedar Creek) Statistic P 
N 2 67 57 11 13 
Total length (mm) 2.93-3.81 2.98 ± l.ll 3.51 ± 2.02 2.45 ± 0.79 3.44 ± 0.89 H = 4.393 =0.22 
Maximum width 343.6-414.35 376.09 ± 107.10 367.36 ± 142.10 272.86 ± 84.67 296.15 ± 115.29 H = 11.638 =0.008 
Esophageal length 565.94 441.46 ± 84.67 461.11 ± 97.46 447.42 ± 81.99 337.69 ± 33.25 H = 23.934 <0.0001 
Pharyngeal bulb length 111.17-112.00 114.60 ± 29.75 113.13 ± 25.27 99.22 ± 17.98 105.39 ± 18.98 F = 1.363 =0.347 
Pharyngeal bulb width 121.27-141.48 140.40 ± 30.28 119.00 ± 29.66 101.06 ± 20.71 117.69 ± 20.48 H = 28.028 <0.0001 
Nerve ring* 161.70-222.33 133.30 ± 41.74 163.08 ± 41.09 140.57 ± 23.25 168.33 ± 56.51 H = 19.111 =0.0003 
Excretory pore* 474.98 720.57 ±339.13 726.69 ± 542.35 658.73 ± 279.58 1,065.83 ± 427.60 H = 8.442 =0.0377 
Vulva*(mm) 1.32 1.27 ± 0.62 1.54 ± 1.03 1.11 ± 0.33 1.77 ± 0.54 H = 7.375 =0.0608 
Tail length 485.09-525.51 512.44 ± 281.51 568.62 ± 188.26 362.90 ± 89.76 430.91 ± 187.43 H = 9.311 =0.0254 
Thick-shelled egg length 83.88 ± 6.48 87.96 ± 9.26 86.06 ± 6.80 87.38 ± 9.77 84.17 ± 5.47 H = 5.631 =0.2285 
Thick-shelled egg width 57.96 ± 9.40 47.47 ± 9.61 49.73 ± 9.11 41.83 ± 7.75 48.58 ± 10.14 F = 4.764 =0.0011 
• Distance from anterior end. 
provided for G. batrachiensis from tadpoles of R. catesbeiana, R. 
pipiens, and B. americanus from Canada by Adamson (198Ib). 
Both Adamson (198Ia) and Pryor and Greiner (2004) recovered 
this nematode from ranid, bufonid, and hylid tadpoles, and Pryor 
and Greiner (2004) also reported this pinworm from tadpoles of a 
microhylid species. Our study indicates that, in Nebraska, G. 
batrachiensis infected ranid and bufonid tadpoles but that it was 
absent from tadpoles of H. chrysoscelis, P. maculata, and S. 
bombifrons and from larvae of A. mavortium. However, previous 
surveys of tadpoles indicate that G. batrachiensis has been 
reported from tadpoles of P. maculata and other Hyla spp., 
suggesting that species-specific differences in habitat, behavior, or 
both among tadpoles of different anuran species may playa role 
in the observed host specificity of G. batrachiensis at Pawnee Lake 
(Pryor and Greiner, 2004). Field and laboratory studies on the 
transmission of G. batrachiensis by Adamson (198Ia, 1981c) 
clearly indicate that in order for a tadpole to acquire an initial 
infection of G. batrachiensis, they must ingest thick-shelled eggs 
that are distributed on the pond bottom. Although we have no 
data on tadpole habitat partitioning among the 4 amphibian 
species collected from Pawnee Lake, Heyer (1976) examined 
habitat partItIOning among tadpoles of similar anuran species 
from a pond in Virginia. His study showed that tadpoles of 
Pseudacris crucifer were distributed at the surface of the water 
column, tadpoles of H. chrysoscelis were distributed in mid-water, 
and tadpoles of R. clamitans occupied the bottom of the water 
column. Together, these data suggest that at Pawnee Lake, 
tadpoles of P. maculata and H. chrysoscelis may spend more time 
at the surface and mid-water compared with benthic-distributed 
tadpoles such as R. blairi and R. catesbeiana. These species-
specific differences in habitat partitioning may prevent tadpoles of 
these hylids from coming in contact with eggs of G. batrachiensis 
as commonly as tadpoles of R. blairi and R. catesbeiana. 
Alternatively, not all amphibian species may be equally suscep-
tible to infections by this nematode as has been shown for other 
amphibian nematode and trematode species (Bolek and Janovy, 
2007a, 2007b, 2008; Bolek at a!., 2009, 2010; Johnson and 
Hartson, 2009; Langford and Janovy, 2009). 
In contrast to hylid tadpoles, no reports exist for pinworm 
infections in tadpoles of pelobatid anurans or salamander larvae, 
and we never observed pinworm infections in tadpoles of S. 
bombilrons or larvae of A. mavortium (Muzzall and Schinderle, 
TABLE IV. Morphological characters (reported as an average ± 1 SD) of adult male Gyrinicola batrachiensis from tadpole of 3 species of anurans 
collected from 2 locations in Nebraska. 
Host 
Rana catesbeiana* Rana pipienst BuJo woodhousiit Statistic P 
N 76 37 6 
Total length (mm) 1.14 ± 0.35 1.44 ± 0.45 1.21 ± 0.20 H = 10.748 =0.0046 
Maximum width 130.66 ± 41.02 159.1 ± 59.18 88.33 ± 29.27 H = 13.402 =0.0012 
Esophageal length 214.36 ± 56.63 219.64 ± 61.44 153.33 ± 12.11 H = 6.771 =0.0339 
Pharyngeal bulb length 55.77 ± 10.47 57.66 ± 11.04 50.00 ± 6.32 F = 1.454 =0.2379 
Pharyngeal bulb width 55.64 ± 10.86 57.65 ± 12.87 46.67 ± 12.11 F = 2.346 =0.1002 
Nerve ringt 115.40 ± 36.00 122.46 ± 37.15 110 ± 22.80 F = 0.596 =0.5528 
Excretory poret 367.94 ± 219.65 370.55 ± 230.58 278.33 ± 143.17 F = 1.869 =0.1559 
Spicule length 43.57 ± 8.39 47.45 ± 9.41 39.17 ± 4.38 H = 10.227 =0.006 
Taillength 247.85 ± 79.82 280.42 ± 82.73 108.33 ± 29.94 H = 18.899 <0.0001 
• Nevens Pond. 
t Cedar Creek. 
t Distance from anterior end. 
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TABLE V. P values for pair comparisons of morphological features of adult female Gyrinicola batrachiensis from various anuran tadpole hosts and 
locations collected from Nebraska. Bwb = Bufo woodhousii from Beckius Pond; Bwcc = Bufo woodhousii from Cedar Creek; Rc = Rana catesbeiana; Rp 
= Rana pipiens. 
Maximum width Esophageal length Pharyngeal bulb width Nerve ring Excretory pore Tail length Egg width 
Rc, Bwcc 0.0107 0.0001 0.0022 
Rc, Bwb 0.0033 0.4191 0.0002 
Rc, Rp 0.0027 0.1302 0.0001 
Rp, Bwcc 0.2065 0.3878 0.1282 
Rp, Bwb 0.1476 0.0001 0.8497 
Bwb, Bwcc 0.6472 0.0022 0.6472 
1992; Pryor and Greiner, 2004; Lannoo, 2005). Larvae of barred 
tiger salamanders are strictly carnivorous and take 2-5 mo to 
metamorphose, whereas tadpoles of the pelobatid S. bombifrons 
have a very short developmental period of 14-21 days, and are 
known to become cannibalistic in some populations (Petranka, 
1998; Lannoo, 2005). Importantly, in our study, all 4 species of 
nematode-infected tadpoles are partially, or completely, herbiv-
orous, supporting the idea that diet and the specialized digestive 
system of herbivorous tadpoles are important in the establishment 
of G. batrachiensis in larval amphibians (McDiarmid and Altig, 
1999; Pryor and Greiner, 2004). In our study, larvae of A. 
mavortium were collected from Nevens Pond where American 
bullfrog tadpoles were infected with relatively high prevalence 
(56%) and mean abundance (6.8 ± 6.1) of G. batrachiensis, 
suggesting that salamander larvae had the opportunity of coming 
in contact with G. batrachiensis eggs but that they were resistant to 
infections with this pinworm. As in our study, Pryor and Greiner 
(2004) examined tadpoles of numerous amphibian species from 
Florida and noted that pelobatid tadpoles of Scaphiopus holbrooki, 
which are also known to be cannibalistic in some populations, were 
void of G. batrachiensis infections. However, they suggested that 
the extremely short developmental periods of 14 days in S. 
holbrooki tadpoles may prevent development and reproduction of 
G. batrachiensis, which has an estimated 9-19-day developmental 
period (Adamson, 1981a). Alternatively, they indicated that the 
highly carnivorous habits, characteristically short gastrointestinal 
tracts, or ephemeral pond habitats of S. holbrooki tadpoles might 
explain the absence of these nematodes in these amphibians. 
However, in our study, tadpoles of S. bombifrons were collected 
from a small roadside puddle that dried up within 3-4 wk of being 
formed, and no tadpoles of other anuran species occurred at this 
location. Thus, it is unclear whether eggs of G. batrachiensis were 
present for exposure to tadpoles of S. bombifrons, or whether 
tadpoles of pelobatids are resistant to infections with this 
nematode. Accordingly, until laboratory host specificity studies 
are conducted, it is unclear whether developmental period, 
TABLE VI. P values for pair comparisons of morphological features of 
adult male Gyrinicola batrachiensis from various anuran tadpole hosts and 
locations collected from Nebraska. Bwcc = Bufo woodhousii from Cedar 
Creek; Rc = Rana catesbeiana; Rp = Rana pipiens. 
Total Maximum Esophageal Spicule Tail 
length width length length length 
Rc, Rp 0.0027 0.0005 0.9999 0.1222 0.1869 
Rc, Bwcc 0.5812 0.0538 0.0031 0.4082 0.0006 
Rp, Bwcc 0.3664 0.052 0.0054 0.0836 0.0004 
0.0301 0.0251 0.144 0.5826 
0.7551 0.5762 0.0063 0.016 
0.0002 0.3205 0.01 0.1433 
0.0576 0.5785 0.0004 0.5705 
0.9999 0.0354 0.2429 0.0004 
0.1134 0.0137 0.2061 0.0088 
carnivorous diet, shorter gut, ephemeral habitat, or combinations 
of these factors, playa role in the absence of G. batrachiensis from 
pelobatid tadpoles and salamander larvae. 
Gyrinicola batrachiensis observed in all ranid tadpoles and B. 
woodhousii tadpoles from where bufonids were the only anuran 
species present, confirmed to the didelphic haplodiploidy and 
monodelphic parthenogenetic reproductive strategies, respectively 
(Adamson, 1981a; Table II). However, tadpoles of B. woodhousii 
that co-occurred with tadpoles of R. pipiens at Cedar Creek were 
inconsistent with these predictions and had both male and 
didelphic female nematodes (Table II). More importantly, female 
nematodes in tadpoles of R pipiens and B. woodhousii from Cedar 
Creek were morphologically more similar to each other than to 
female nematodes from other anuran species, locations, or both 
(Table V), suggesting that tadpoles of these 2 anuran species 
shared a single population or reproductive strain of G. 
batrachiensis. However, although didelphic, female nematodes 
from tadpoles of B. woodhousii from Cedar Creek only produced 
thick-shelled eggs, whereas nematodes in tadpoles from R pipiens 
from this location had both thick-shelled and thin-shelled eggs in 
their uteri. The low mean intensities (1.6 ± 0.7) of G. batrachiensis 
in tadpoles of B. woodhousii compared with the high mean 
intensities (14.9 ± 23.8) of this nematode in tadpoles of R pipiens 
from Cedar Creek indicate that autoinfections were not occurring 
in tadpoles of B. woodhousii but that they were common in 
tadpoles of R. pipiens. These observations are important because 
laboratory infections of tadpoles of R clamitans by Adamson 
(1981b) indicate that thin-shelled eggs are produced by female 
worms within 18-40 days of infection, suggesting that there was 
enough time for thin-shelled eggs to develop in female G. 
batrachiensis infecting tadpoles of B. woodhousii from Cedar 
Creek. Together, these data suggest that when populations of G. 
batrachiensis are shared among amphibian species that differ in 
developmental period, nematodes have an intermediate repro-
ductive strategy in tadpoles with short developmental periods. 
These data suggest that strains of G. batrachiensis can alter their 
reproductive strategies based on host use, indicating reproductive 
plasticity in at least haplodiploid strains of these pinworms as has 
been reported in parasitic nematodes (Babayan et ai., 2010). 
Clearly, cross-infection studies describing the development and 
reproduction of G. batrachiensis among tadpoles of amphibian 
species that differ in developmental period are needed to improve 
our understanding of the variation in reproductive strategies of 
these oxyurid nematodes. 
Other studies by Pryor and Greiner (2004) and Adamson 
(1981d) have reported male nematodes, didelphic female nema-
todes, or both in tadpoles with short developmental periods (Hyla 
femoralis and Hyla versicolor), whereas Adamson (l98lc) 
reported both strains of haplodiploid and parthenogenetic 
females from the same individual in tadpoles with long 
developmental periods (R. clamitans and R. pipiens), indicating 
that tadpoles of different amphibian species share G. batrachiensis 
strains in nature. Unfortunately, none of those studies indicated 
whether tadpoles of other amphibian species infected with 
different strains of G. batrachiensis were present at these locations, 
or whether didelphic female nematodes in tadpoles of H femoralis 
and H versicolor produced autoinfective eggs. Our observations 
of low intensities and the absence of thin-shelled autoinfective 
eggs in didelphic female G. batrachiensis from tadpoles of B. 
woodhousii from Cedar Creek and the presence of thick-shelled 
eggs in gravid female worms suggest that G. batrachiensis is 
incapable of producing autoinfective eggs in tadpoles of B. 
woodhousii. Importantly, the 2 other studies that examined 
bufonid tadpoles for G. batrachiensis infections also indicated 
that G. batrachiensis in tadpoles of B. americanus and B. terrestris 
only produce thick-shelled eggs (Adamson, 1981a; Pryor and 
Greiner, 2004). These data suggest that tadpoles with short 
development, such as bufonids, can select for strains of G. 
batrachiensis that only produce thick-shelled eggs. Alternatively, 
nematodes may alter their reproductive strategy as a form of "bet-
hedging" in different hosts as has been reported in other 
helminths (Thomas and Poulin, 2003). What is needed now are 
cross-transmission studies in different genera and species of 
amphibians with short developmental periods, such as bufonids 
and hylids, to determine whether tadpole developmental period or 
other amphibian genus-specific factors, species-specific factors, or 
both playa role in the reproductive strategy of this nematode. In 
addition, future experiments that cross male and female G. 
batrachiensis from different pinworm strains would also be 
informative in gaining a better understanding of the role of 
genetics for these alternative reproductive strategies. Such cross-
infection studies should provide baseline data that will allow 
future testing of hypotheses into what host factors or reproductive 
strategies of nematodes selected for parthenogenetic strains of G. 
batrachiensis. 
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HELMINTH PARASITES OF THE BLUE-FOOTED BOOBY ON ISLA ISABEL, MEXICO 
Miguel Rubio-Godoy, Gerardo Perez-Ponce de Leon*, Berenit Mendoza-Garfias*, Marla Cristina Carmona-Isunzat, 
Alejandra Nunez-de la Morat, and Hugh Drummondt 
Instituto de Ecologia A.C., Red de Biologia Evolutiva, km 2.5 ant. carretera a Coatepec, Xalapa, Veracruz, 91070 Mexico. e-mail: migue/.rubio@ 
inecol. edu.mx 
ABSTRACT: A survey of the helminth fauna of the blue-footed booby, Sula nebouxii, on Isla Isabel, off the Pacific coast of Mexico, is 
presented, Eight parasite species were found: 4 digeneans (Galactosomum puffini, Mesostephanus microbursa, Opisthometra planicollis, 
and Renicola thapan), 3 nematodes (Contracaecum sp., Porro caecum sp" and Tetrameres sp.), and I cestode (Tetrabothrius sp). All 
these species are reported for the first time in the blue-footed booby, and they represent 8 new locality records as well. Species 
accumulation curves suggest these 8 parasite species comprise the total helminth fauna of this population of boobies. The most 
frequent and abundant parasite was R thapari, inhabiting the kidney of its host. In male boobies, a significant negative correlation was 
found between abundance of R. thapari and host body condition. 
Parasites are potentially important in the evolution of host 
species not only because they affect their body condition and 
reproductive capacity but also because sexual selection is expected 
to favor individuals that choose mates with low parasite loads 
(Hamilton and Zuk, 1982; Reynolds and Gross, 1990; Andersson, 
1994). Our understanding of the roles of parasites in the evolution 
of sexually selected traits such as displays, crests, bright colors, 
and other mating signals is constrained by our ignorance of the 
parasite fauna of most host species. As a step toward remedying 
this, we describe the parasite fauna of a species of bird whose 
mating system and mate choice have been, and continue to be, the 
subject of considerable field research, i.e., the blue-footed booby, 
Sula nebouxii (Osorio-Beristain and Drummond, 1998; Velando et 
aI., 2006; Drummond, 2010). 
The blue-footed booby is a large, socially monogamous, marine 
pelicaniform that feeds by plunge-diving for live sardines and 
anchovies (Zavalaga et aI., 2007). It nests on the ground on 
islands in the eastern Pacific Ocean, mostly in the tropics, in 
colonies of hundreds or thousands of pairs (Nelson et aI., 1978; 
Nelson, 2005). Both sexes have similar feeding ecology (Zavalaga 
et aI., 2007; Weimerskirch et aI., 2009) and participate similarly in 
the care of clutches and broods, although females are larger, 
forage further, and bring more food to the brood than males 
(Guerra and Drummond, 1995; Zavalaga et aI., 2007). Generally, 
males establish breeding territories and females choose their mates 
from among territorial males; during courtship, males and 
females display to each other repeatedly (Osorio-Beristain and 
Drummond, 1998; Stamps et aI., 2002; Torres and Velando, 
2005). 
Despite the evident importance of parasites in the behavioral 
and morphological evolution of birds, studies on their parasite 
diversity are scarce. Most helminthological surveys of seabirds 
focus on a few bird species that are not representative of the 
diversity of seabird orders, mainly in high latitudes in the 
Northern Hemisphere (Kuklin, 2001; Skirnisson and Galaktio-
nov, 2002; Sanmartin et aI., 2005; Bin Muzaffar, 2009), although 
there also are scattered reports for the Southern Hemisphere 
(Torres et aI., 1993; Fredes et aI., 2007; Diaz et aI., 2010), Several 
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helminth parasites have been described in Pelecaniformes, the 
order in which the blue-footed booby belongs. Thus, the helminth 
faunas of the brown pelican, Pelecanus occidentalis (Humphrey et 
aI., 1978; Greve et aI., 1986; Dyer et aI., 2002; Dronen et aI., 
2003); the American white pelican, Pelecanus erythrorhynchos 
(Kinsella et aI., 2004); and the Dalmatian pelican, Pelecanus 
crispus (Pyrovetsi and Papazahariadou, 1995; Papazahariadou et 
aI., 2008; Mattiucci et aI., 2010), are relatively well known. 
The helminth fauna of Sula spp. has been partially document-
ed, particularly for the brown booby, Sula leucogaster, on the 
Atlantic coast of the Americas (Cable et aI., 1960; Travassos et aI., 
1969; Silva et aI., 2005). Studies of the helminth parasite fauna of 
birds in Mexico are relatively scarce; indeed, birds are probably 
the most understudied vertebrates in the country. Approximately 
250 species of helminths have been reported from Mexican birds 
(see Lamothe-Argumedo et aI., 1997; Perez-Ponce de Leon et aI., 
2007; Garcia-Prieto et aI., 2010), mostly in isolated studies of 
particular host species (but see Ortega-Olivares et aI., 2008). 
Interestingly, the helminth fauna of Mexican birds is also known 
indirectly, through records of the presence of larval avian 
parasites in intermediate hosts consumed by piscivorous birds 
(see Perez-Ponce de Leon et aI., 1996). Ours is the first report of 
the helminth fauna of the blue-footed booby, and it adds to our 
knowledge of tropical seabird parasitofauna. 
MATERIALS AND METHODS 
Samples were obtained in March 2009 in a breeding colony of >2,500 
blue-footed boobies on Isla Isabel, Nayarit, Mexico (21 °52'N, 105°54'W). 
Here, the annual mortality of adult males and females is roughly 9% (Oro 
et aI., 2010), and population size has apparently been stable over the past 
28 yr (H. Drummond, unpubl. obs.). Twenty non-ringed, courting birds 
(10 males, 10 females) were captured outside Drummond's long-term 
study areas (Drummond et aI., 2003), sufficient individuals to adequately 
represent the parasite fauna of adult breeders (Jovani and Tella, 2006) 
while minimizing effects on the population. Each booby was killed by 
cervical dislocation, measured (beak and ulna length) and weighed, and 
then necropsied using standard parasitological procedures (Lamothe-
Argumedo, 1997). Necropsies were performed immediately after measur-
ing the birds and were usually completed within 3 hr. All internal organs 
were placed in saline, dissected further, and inspected using a stereoscopic 
microscope; the birds also were examined for mouth flukes. 
Endohelminths were collected, rinsed in saline, and fixed with different 
hot solutions, depending on the type of parasite, i.e., nematodes were fixed 
in saline or 70% ethanol and platyhelminths (trematodes and cestodes) 
were fixed in saline, 70% ethanol, or 10% formaldehyde. All fixed worms 
were stored in 70% ethanol until identified. For taxonomic identification, 
nematodes were cleared with glycerin, trematodes were stained with 
Meyer's paracarmine and Ehrlich's hematoxylin, and cestodes were 
stained with Mayer's paracarmine. Platyhelminths were mounted perma-
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TABLE I. Infection parameters and accession numbers of helminths recovered from blue-footed boobies, Sula nebouxii. 
Males (n = 10) 
CNHE, UNAM Abundance 
Helminth accession Prevalence (range) 
Galactosomum puffini 7287 60 9.3 (0-21) 
M esostephanus 
microbursa 7286 20 13.4 (0-73) 
Opisthometra planicollis 7288 0 0 
Renicola thapari 7285 90 680.2 (0-3,200) 
Contracaecum sp. 7506 30 0.5 (0-3) 
Porro caecum sp. 7507 60 1.0 (0-3) 
Tetrameres sp. 7508 20 0.4 (0-2) 
Tetrabothrius sp. 7289 20 0.2 (0-1) 
nently in Canada balsam. Voucher specimens of all worms (Table I) were 
deposited in the Coleccion Nacional de Helmintos (CNHE), Universidad 
Nacional Autonoma de Mexico (UNAM). Specimens from the CNHE of 
the following species were studied for comparative purposes: Mesoste-
phanus microbursa Caballero, Grocott and Zerecero, 1953 (CNHE 878, 
1383); Mesostephanus appendiculatoides (Price, 1934) Lutz, 1935 (CNHE 
877); Galactosomum puffini Yamaguti, 1941 (CNHE 841); Renicola thapari 
Caballero, 1953 (CNHE 1792, 793); and Tetrabothrius sulae Szpotanska, 
1929 (CNHE 4262). 
Parasitological parameters were calculated as proposed by Bush et al. 
(1997) and contrasted by bootstrap t-tests with 2,000 replications using 
Quantitative Parasitology 3.0 software (Rozsa et aI., 2000). Completeness 
of the helminth inventory was assessed using EstimateS 8.0 software by 
computing expected species-accumulation curves (sample-based rarefac-
tion curves using the parameter Chao I), with 95% confidence intervals 
(Colwell, 2006). As an index of host condition, we calculated the host 
condition coefficient as follows: host weight/(beak length X ulna length). 
Pearson's correlations between host condition coefficient and parasite 
abundance of individual hosts were calculated with MINITAB 15 
(Minitab Inc., State College, Pennsylvania). 
RESULTS 
Eight species of helminths were found: 4 trematodes, 3 
nematodes, and 1 cestode. Trematodes were represented by 
Galactosomum puffini, Mesostephanus microbursa, Opisthometra 
planicollis, and Renicola thapari. According to Yamaguti (1971), 
Mesostephanus Lutz, 1933, a cyathocotylid, includes 14 species 
that parasitize birds and mammals. Our specimens were identified 
as M. microbursa, a species described as a parasite of the brown 
pelican at Ciudad de Panama, Panama, and Isla Coronado, Baja 
California, Mexico. Two congeneric species have been recorded as 
parasites of the brown booby, Mesostephanus fajardensis (Price, 
1934) Lutz, 1935 and M. appendiculatoides. The first species was 
recorded in the brown booby in Brazil and Puerto Rico (Cable et 
aI., 1960; Travassos et aI., 1969), whereas M. appendiculatoides 
was found in the same host species in Puerto Rico, but also in the 
brown pelican in Panama and Florida (Caballero et aI., 1953; 
Cable et aI., 1960; Yamaguti, 1971). Our specimens correspond to 
the description of M. microbursa and differ from the other 
congeneric species by the size of the bursa, the distribution of 
vitelline follicles, and the number and size of the eggs in the 
uterus. 
Two members of the Heterophydae were found, the monotypic 
Opisthometra planicollis (Rudolphi, 1819) Poche, 1926, a species 
described previously from the intestine of the brown booby in 
Puerto Rico and Brazil (Cable et aI., 1960; Travassos et aI., 1969), 
Females (n = 10) 
Abundance 
Total 
Prevalence (range) Abundance ± SE Intensity 
70 18.0 (0-43) 13.7 ± 3.10 21.0 
0 0 6.7 ± 4.63 67.0 
10 0.2 (0-2) 0.1 ± 0.10 2.0 
70 314.0 (0-1,200) 497.1 ± 177.29 621.4 
0 0 0.3 ± 0.16 1.7 
20 0.2 (0-1) 0.6 ± 0.21 1.5 
20 0.8 (0-7) 0.6 ± 0.37 3.0 
10 0.1 (0-1) 0.2 ± 0.37 1.0 
and Galactosomum puffini, a species that occurs in the intestine of 
sea birds. The latter species has been described from several 
species of birds, including the Japanese shearwater, PujJinus 
leucomelas, from Japan; the brown pelican from Panama; the 
royal tern, Thalasseus maximus; the little tern, Sterna albi/rons; 
and the brown booby from Puerto Rico; and from the western 
gull, Larus occidentalis, from Isla Rasa in the Gulf of California, 
Mexico (Caballero et aI., 1953; Cable et aI., 1960; Bravo-Hollis, 
1966; Yamaguti, 1971). The other species of trematode was 
identified as Renicola thapari Caballero, 1953. Renicolids are 
parasites of the kidneys and ureters of birds that feed on bivalves, 
fishes, or both (Stunkard, 1964). Renicola Cohn, 1904 includes 
>50 nominal species (see Gibson, 2008). Five of them occur in 
birds in the Americas: R. brantae McIntosh and Farr, 1952 
(North Carolina); R. thapari (Panama); R cruzi Wright, 1954 
(Brazil); R. mirandarobeiroi Freitas, 1955 (Brazil); and R. 
hydranassae Lumsden and Zischke, 1963 (Louisiana) (Yamaguti, 
1971). Renicola mirandarobeiroi is the only species that has been 
found as a parasite of the brown booby. Our specimens differ 
from that species by having a plump body instead of an elongated 
body. In addition, no spines were described for R. mirandaribeiroi. 
Our specimens are morphologically more similar to the species 
described by Caballero (1953), i.e., R. thapari, a parasite of the 
brown pelican in Panama (Figs. 1, 2). The extensions of the ceca 
were not described by Caballero (1953) because of the extensive 
development of the uterus in his specimens. Here, we were able to 
observe that the ceca extend from the pharynx level to the 
posterior end of the body, to the level where the conical end of the 
specimens begins. In addition, some specimens exhibited a very 
long cone-shaped posterior end. In contrast to Caballero's (1953) 
observation that spines are located on the anterior portion of the 
worm, our scanning electron micrographs clearly show that spines 
are located along the whole body, excepting the cone-shaped 
posterior end (Fig. 3). 
Three nematode species were recorded as parasites of the blue-
footed booby: Contracaecum sp., Porrocaecum sp., and Tetra-
meres sp. The first 2 are anisakids and were not identified to 
species because they represent immature stages. Several species of 
Contracaecum have been described as parasites offish-eating birds 
in Mexico: c. bancrofti Johnston and Mawson, 1941 in the 
American white pelican from Mexico City; C. caballeroi Bravo, 
1939 in the anhinga, Anhinga anhinga, from Mexico City; C. 
hojJmani Caballero, 1935 in the boat-billed heron, Cochlearis 
cochlearis, from Campeche and Veracruz; C. microcephalum 
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FrGURES 1-2. Renicola lhapari Caballero, 1953. (1) Specimen collected from blue-footed boobies, Sula nebouxii. (2) Specimen collected by Caballero, 
1953 from Pelecanus occidentalis in Panama (CNHE 1793). Scale bars = 300 flm . 
(Rudolphi, 1809) in the anhinga; the night heron, Nycticorax 
nycticorax, and the white pelican, all from Mexico City; C. 
mu/tipapillatum (von Drasche, 1882) in the night heron and the 
Neotropical cormorant, Phalacrocorax o/ivaceus, from Tabasco; 
C. rodhani (Gedoelst, 1916) in the ringed kingfisher, Megacery le 
torquata, from Chiapas; C. rudolphi Hartwich, 1964 from the 
great egret, Casmerodius a/bus; the snowy egret, Egretta thula; the 
night heron, and the Neotropical cormorant from Michoadm and 
Tabasco; and C. spiculigerum (Rudolphi, 1809) in the white 
pelican from Veracruz and the Mexican cormorant, Pha/acro-
corax vigua, from Nuevo Leon. In contrast, the only species of 
Porro caecum recorded in Mexican birds is P. depressum (Zeder, 
1800) in Buteo sp. , from Chiapas. We could not allocate our 
specimens to any of these species because they were immature 
specimens, but they represent the first record for the blue-footed 
booby. The last nematode, Tetrameres sp., represents a markedly 
dimorphic genus of spirurid nematode characterized by having 
females with a globular or closely spiral body, possessing a 
smooth pharynx, and more or less atrophied anal papillae. Some 
of the congeneric species are common parasites of waterfowl and 
cause a disease known as tetrameriasis (see Bergan et aI., 1994); 
other species are common parasites of cranes (see Mowlavi et aI. , 
2006). We could not identify our specimens to species because 
only females were present in our sample. This is the first time that 
members of this genus were found as parasites of boobies. 
The only tapeworm collected was a species of Tetrabothrius 
Rudolphi, 1819, one of many that parasitize sea birds and marine 
mammals (Schmidt, 1986). The only previously described 
congeneric species found in Pelecaniformes is T. sulae (Baird, 
1853) Baer, 1954 (Baer, 1964), which was reported as a parasite of 
brown pelicans from Veracruz, Mexico, by Flores-Barroeta et al. 
(1958). Our specimens exhibit a high morphological resemblance 
to T. su/ae; however, due to the condition of the fixed material, 
and the fact that only 3 specimens were collected, we were unable 
to observe a muscular sphincter located on the dorsal side of the 
vagina, a structure that sets apart this species from its congeners. 
Otherwise, our specimens fit the description of this species; 
nonetheless, we left the taxonomic determination as Tetrabothrius 
sp. 
Species accumulation curves suggest that the sampling effort (in 
total, 10,383 worms recovered from 20 hosts) was sufficient to 
adequately describe the parasite fauna of the focal population 
(Fig. 4). The trematode R. thapari was the most frequent and 
abundant parasite (Table I). 
Although in our sample infection levels were generally higher in 
male than in female hosts (most noticeably for renal trematodes, 
where mean abundances ± SE were 680 ± 327.9 worms/host in 
males and 314 ± 133.2 worms/host in females), no significant 
differences in abundance or intensity of infection were observed 
between the sexes (Table I). In female boobies, no significant 
correlation was found between host condition coefficient and 
burdens of R. thapari. In contrast, in male birds a significant 
negative correlation was observed between host condition 
coefficient and renal trematode burden (r = -0.665, P = 0.036; 
Fig. 5); nonetheless, no obvious pathology was observed in 
heavily infected kidneys. 
FIGURE 3. Scanning electron micrograph of Renicola thapari collected 
from blue-footed boobies, Sula nebouxii. 
DISCUSSION 
The 8 helminth species we recovered from breeding blue-footed 
boobies on Isla Isabel, Mexico, represent new host and locality 
records for these parasites. Species-accumulation curves based on 
our results suggest that the helminth fauna associated to this 
population of S. nebouxii does not include additional parasite 
species. The helminth parasite fauna of this pelagic bird is 
depauperate compared with that recorded for other pelican i-
forms, such as the brown pelican and the white pelican, which 
have been recorded to harbor at least 64 and 27 helminth species, 
respectively (Dronen et aI., 2003). Furthermore, our data suggest 
that the helminth fauna of S. nebouxii is not only species-poor but 
also exhibits rather low prevalences and abundances of helminth 
infection in contrast to other pelicaniforms studied. To exemplify 
the latter, we only found 5 nematodes of Contracaecum sp. in 3 of 
20 necropsied boobies (prevalence, 15%; abundance ± SE, 0.25 ± 
0.16 worms/host; range, 1-3 worms/host), whereas P. occidentalis 
studied in Texas exhibited a Contra caecum spp. prevalence of 
90%, an abundance of 417 ± 257.8 worms/host, and a range of 1-
750 worms/host, whereas for P. erythrorhynchus there was lOO% 
prevalence, an abundance of 759 ± 533.9 worms/host, and a 
range of 135-1,520 worms/host (Dronen et aI., 2003). Further 
RUBIO-GODOY ET AL.-HELMINTHS OF BLUE-FOOTED BOOBIES 639 
12 
~ 10 
'u 
GI 
C. 
~ 8 
1: 
" , ' ... , ... -. 
I ' I " 
I '_-. I ...... 
I ...... __ 
I 
I 
I , 'e 6 
'ii 
..I: 
'0 
, 
, 
.. 4 
GI 
.c 
E i. 2 
o 
, 
, 
, 
, 
1 3 5 7 9 11 13 15 17 19 
Number of hosts 
FIGURE 4. Species-accumulation curve with 95% confidence interval 
predicted for helminth parasites of blue-footed boobies, Sula nebouxii. 
Dotted lines indicate the 95% confidence interval. Estimates based 
on Chao!. 
study of the helminth fauna of other pelagic birds should clarify 
whether these species have depauperate faunas in general. 
Species of Contracaecum are common parasites of piscivorous 
birds and have been recovered previously from the brown booby 
in Brazil (Silva et aI., 2005) and from other pelicaniformes, 
including the brown pelican in Colombia and Puerto Rico (Dyer 
et aI., 2002; Mattiucci et aI., 2008); the American white pelican 
(Kinsella et aI., 2004); the Dalmatian pelican (Pyrovetsi and 
Papazahariadou, 1995; Papazahariadou et aI., 2008; Mattiucci et 
aI., 20lO); and the Australian pelican, Pelecanus conspicillatus 
(Shamsi et aI., 2008). Interestingly, under stressful conditions, 
mortality of Dalmatian pelicans was associated with high burdens 
of Contracaecum spp. (up to 875 worms/host; Pyrovetsi and 
Papazahariadou, 1995). 
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FIGURE 5. Correlation between Renicola thapari abundance and host 
condition coefficient of male blue-footed boobies, Sula nebouxii. 
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The cestode T. sulae was recorded previously from brown 
pelicans collected in Puerto Rico (Dyer et ai., 2002). 
Trematodes were the most species-rich and abundant helminths 
infecting the blue-footed booby. The most abundant and 
prevalent parasite overall was the renal trematode R thapari, 
which occurred at a mean abundance of 500 wormslhost. As 
reported previously in the brown pelican (Greve et ai., 1986), in 
our survey, R thapari always occurred in pairs encysted at the 
apex of renal collecting ducts, which exhibited no gross 
pathology. Although we detected no evident clinical signs of 
disease or obvious renal malformations in blue-footed boobies, 
the high burdens of renal trematodes recorded could exert a 
negative impact, as renal trematodes do in other birds. When 
Renicola heroni infects the kidneys of the giant heron, Ardea 
goliath, for example, it induces degenerative changes, necrosis, 
and vasculitis of the renal blood vessels (Mahdy and Shaheed, 
2001). Similarly, the renal trematode Paratanaisia bragai infecting 
ring-necked pheasants, Phasianus colchicus, and turkeys, Melea-
gris gallopavo, alters renal morphology; dilates renal conducts; 
and causes local inflammation, despite failing to induce gross 
pathology (Gomes et ai., 2005; Brener et ai., 2006). Moreover, in 
psittacine birds, parasitism by P. bragai has been associated with 
granulomatous nephritis and death (Luppi et ai., 2007). Meta-
cercariae of Renicola spp. have been recovered from the pyloric 
ceca and mesenteries of sardines and other small fish (Stunkard, 
1964), so that piscivorous birds become infected by ingestion of 
these intermediate hosts. 
It is interesting that we found a negative correlation between 
host condition coefficient and renal trematode abundance in male 
boobies. It is unknown whether males had low body condition as 
a result of heavy infection, or whether renal trematodes become 
more abundant in hosts with low body condition and a 
consequent higher susceptibility to infection. Whether foot color, 
courtship behavior, or parental investment of male or female 
blue-footed boobies is affected by the individual's renal trematode 
load remains to be resolved. If these parasites do affect ability to 
invest, then boobies should be selected to consider parasite load in 
their mate choice and investment decisions, to the extent that 
parasite load is revealed by any phenotypic trait. 
Abundance and intensity of infection in male and female birds 
were not significantly different, although there were indications 
that males had higher parasite burdens than females. A study of 
23 female and 28 male blue-footed boobies in Peru failed to reveal 
sexual differences in diet composition or duration of foraging, but 
females dived deeper and longer and consumed larger prey than 
males (Zavalaga et ai., 2007); similar results were observed in 
blue-footed boobies in the Gulf of California, Mexico (Weimers-
kirch et ai., 2009). Sexual differences in parasite burdens may arise 
from differences in foraging ecology, because a 5-yr sample of our 
Mexican study population showed a sexual difference in diet, with 
engraulid and carangid fish predominating more in males and 
clupeid fish more in females (data not shown). 
The present study provides some basic information on the 
helminth parasite fauna of an emblematic bird species, blue-
footed booby, for which considerable research has been dedicated 
to understanding the evolution of reproductive behavior. Because 
parasites may play an important role in the biology of blue-footed 
boobies, establishing a helminth inventory represents a necessary 
first step toward teasing apart the coevolution of host and 
parasite. 
ACKNOWLEDGMENTS 
This work was supported by INECOL institutional funds granted to 
M.R.-G. and CONACYT grants Q-47599 and 81823 to H.D. and R. 
Torres and was carried out under collection permit SGPAJDGVS/00550/ 
09. A.N.-M. acknowledges receipt of a DGAPA-UNAM postdoctoral 
fellowship. We are grateful to the administrators of the Isla Isabel 
National Park (SEMARNAT), the Mexican navy, the fishermen of Isla 
Isabel, and Cristina Rodriguez Juarez for logistical support. We thank 
Luis Garcia-Prieto and David Osorio-Sarabia (both at the CNHE, 
UNAM) for help with the taxonomic determination of the cestode and 
nematodes, respectively. 
LITERATURE CITED 
ANDERSSON, M. 1994. Sexual selection. Princeton University Press, 
Princeton, New Jersey, 624 p. 
BAER, J. G. 1964. Revision taxonomique et etude biologique des cestodes 
de la famille des Tetrabothriidae parasites d'oiseaux de haute mer et 
de mammiferes marins. Memoires de L'Universite de Neuchatel4: 1-
121. 
BERGAN, J. F., A. A. RADOMSKI, D. B. PENCE, AND O. E. RHODES JR. 1994. 
Tetrameres (Petrowimeres) striata in ducks. Journal of Wildlife 
Diseases 30: 351-358. 
BIN MUZAFFAR, S. 2009. Helminths of murres (A1cidae: Uria spp.): 
Markers of ecological change in the marine environment. Journal of 
Wildlife Diseases 45: 672-683. 
BRAVO-HOLLIS, M. 1966. Reporte de Galactosomum puffini Yamaguti, 
1941, trematodo con nueva localidad y nuevo hospedador. Anales del 
Instituto de Biologia, Universidad Nacional Autonoma de Mexico 
37: 125-128. 
BRENER, B., R. TORTELLY, R. C. MENEZES, L. C. MUNIZ-PEREIRA, AND R. 
M. PINTO. 2006. Prevalence and pathology of the nematode Heterakis 
gallinarum, the trematode Paratanaisia bragai, and the protozoan 
Histomonas meleagridis in the turkey, Meleagris gallopavo. Memorias 
do Instituto Oswaldo Cruz 101: 677-681. 
BUSH, A., K. LAFFERTY, J. LOTZ, AND A. SHOSTAK. 1997. Parasitology 
meets ecology on its own terms: Margolis et al revisited. Journal of 
Parasitology 83: 575-583. 
CABALLERO, C. E. 1953. Helminths of the Republic of Panama VI. A new 
trematode of the family Renticolidae Dollfus, 1939. In Thapar 
commemoration volume, J. Dayal and K. S. Singh (eds.). University 
of Lucknow, Lucknow, India, p. 25-30. 
---, R. GROCOTT, AND C. ZERECERO. 1953. Helmintos de la Republica 
de Panama IX. Algunos trematodos de aves marinas del Oceano 
Pacifico del Norte. Anales del Instituto de Biologia, Universidad 
Nacional Autonoma de Mexico 24: 391-413. 
CABLE, R. M., R. S. CONNOR, AND J. W. BALLING. 1960. Digenetic 
trematodes of Puerto Rican shore birds. New York Academy of 
Sciences 17: 187-255. 
DIAZ, J. I., F. CREMONTE, AND G. T. NAVONE. 2010. Helminths of the 
Magellanic penguin, Spheniscus magellanicus (Sphenisciformes), 
during the breeding season in Patagonian Coast, Chubut, Argentina. 
Comparative Parasitology 77: 172-177. 
DRONEN, N. 0., JR., C. K. BLEND, AND C. K. ANDERSON. 2003. 
Endohelminths from the brown pelican, Pelecanus occidentalis, and 
the American white pelican, Pelecanus erythrorhynchus, from 
Galveston Bay, Texas, USA, and checklist of pelican parasites. 
Comparative Parasitology 70: 140-154. 
DRUMMOND, H. 2010. Boobies. In Encyclopedia of animal behavior, M. 
Breed and J. Moore (eds.). Elsevier/Academic Press, Oxford, UK., 
2672 p. 
---, R. TORRES, AND V. V. KRISHNAN. 2003. Buffered development: 
Resilience after aggressive subordination in infancy. American 
Naturalist 161: 794--807. 
DYER, W. G., E. H. WILLIAMS, A. A. GIANNONI, N. M. JIMENEZ-MARRERO, 
L. B. WILLIAMS, D. P. MOORE, AND D. B. PENCE. 2002. Helminth and 
arthropod parasites of the brown pelican, Pelecanus occidentalis, in 
Puerto Rico, with a compilation of all metazoan parasites reported 
from this host in the Western Hemisphere. Avian Pathology 31: 441-
448. 
FLORES-BARROETA, L., E. HIDALGO ESCALANTE, AND R. R. BRENES. 1958. 
Cestodos de vertebrados VI. Revista de Biologia Tropical 6: 167-188. 
FREDES, F., C. MADARIAGA, E. RAFFO, J. VALENCIA, M. HERRERA, C. 
GODOY, AND H. ALCAiNO. 2007. Gastrointestinal parasite fauna of 
gentoo penguins (Pygoscelis papua) from the Peninsula Munita, 
Bahia Paraiso, Antarctica. Antarctic Science 19: 93-94. 
GARCiA-PRIETO, L., M. GARCiA-VARELA, B. MENDOZA-GARFIAS, AND G. 
PEREZ·PONCE DE LEON. 2010. Checklist of the Acanthocephala in 
wildlife vertebrates of Mexico. Zootaxa 2419: I-50. 
GIBSON, D. I. 2008. Family Renicolidae Dollfus, 1939. In Keys to the 
Trematoda, vol. 3, R. A. Bray, D. I. Gibson, and A. Jones (eds.). 
CAB International and Natural History Museum, London, U.K., p. 
591-594. 
GOMES, D. C., R. C. MENEZES, R. TORTELLY, AND R. M. PINTO. 2005. 
Pathology and first occurrence of the kidney trematode Paratanaisia 
bragai (Santos, 1934) Freitas, 1959 (Digenea: Eucotylidae) in 
Phasianus colchicus L., 1758, from Brazil. Memorias do Instituto 
Oswaldo Cruz 100: 285-288. 
GREVE, J. H., H. F. ALBERS, B. SUTO, AND J. GRIMES. 1986. Pathology of 
gastrointestinal helminthiasis in the brown pelican (Pelecanus 
occidentalis). Avian Diseases 30: 482-487. 
GUERRA, M. D. c., AND H. DRUMMOND. 1995. Reversed sexual size 
dimorphism and parental care: Minimal division of labour in the 
blue-footed booby. Behaviour 132: 479-496. 
HAMILTON, W. D., AND M. ZUK. 1982, Heritable true fitness and bright 
birds: A role for parasites? Science 218: 384-387. 
HUMPHREY, S. R., C. H. COURTNEY, AND D. J. FORRESTER. 1978. 
Community ecology of the helminth parasites of the brown pelican. 
Wilson Bulletin 90: 587-598. 
JOVANI, R., AND J. TELLA. 2006. Parasite prevalence and sample size: 
Misconceptions and solutions. Trends in Parasitology 22: 214-218. 
KINSELLA, J. M., M. G. SPALDING, AND D. J. FORRESTER. 2004. Parasitic 
helminths of the American white pelican, Pelecanus erythrorhynchos, 
from Florida, USA. Comparative Parasitology 71: 29-36. 
KUKLIN, V. 2001. On a helminthofauna of seabirds of the Archangelskaya 
Bay (Northern island of Novaya Zemlya). Parazitologiia 35: 124-134. 
LAMOTHE-ARGUMEDO, R. 1997. Manual de tecnicas para preparar y estudiar 
los parasitos de animales silvestres. A.G.T. Editor S.A., Mexico City, 
D.F., Mexico, 43 p. 
---, L. GARCiA-PRIETO, D. OSORIO-SARABIA, AND G. PEREZ-PONCE DE 
LEON. 1997. CataIogo de la Colecci6n Nacional de Helmintos. 
Universidad Nacional Autonoma de Mexico-Comision Nacional 
para el Conocimiento y Uso de la Biodiversidad, Mexico City, D.F., 
Mexico, 211 p. 
LUPPI, M. M., A. L. DE MELO, R. O. C. MOTTA, M. C. C. MALTA, C. H. 
GARDINER, AND R. L. SANTOS. 2007. Granulomatous nephritis in 
psittacines associated with parasitism by the trematode Paratanaisia 
spp. Veterinary Parasitology 146: 363-366. 
MAHDY, O. A., AND I. B. SHAHEED. 2001. Histopathological study on the 
effect of Renicola heroni on the kidneys of giant heron Ardea goliath. 
Helminthologia 38: 81-83. 
MATTIUCCI, S., M. PAOLETTI, J. OLIVERO-VERBEL, R. BALDIRIS, B. ARROYO-
SALGADO, L. GARBIN, G. NAVONE, AND G. NASCETT!. 2008. 
Contracaecum bioccai n. sp from the brown pelican Pelecanus 
occidentalis (L.) in Colombia (Nematoda: Anisakidae): Morphology, 
molecular evidence and its genetic relationship with congeners from 
fish-eating birds. Systematic Parasitology 69: 101-121. 
---, ---, A. C. SOLORZANO, AND G. NASCETT!. 2010. Contracaecum 
gibsoni n. sp. and C. overstreeti n. sp. (Nematoda: Anisakidae) from 
the Dalmatian pelican Pelecanus crispus (L.) in Greek waters: Genetic 
and morphological evidence. Systematic Parasitology 75: 207-224. 
MOWLAVI, G. R., J. MASSOUND, I. MOBEDI, M. J. GHARAGOZLOU, M. 
REZAIAN, AND S. SOLAYMANI-MoHAMMADI. 2006. Tetrameres (tetra-
meres) grusi (Shumakovich, 1946) (Nematoda: Tetrameridae) in 
Eurasian cranes (Grus grus) in Central Iran. Journal of Wildlife 
Diseases 42: 397-401. 
NELSON, J. B. 2005. Pelicans, cormorants, and their relatives: The 
Pelecaniformes (bird families of the world). Oxford University Press, 
New York, New York, 680 p. 
NELSON, S., J. B. NELSON, AND B. NELSON. 1978. The Sulidae: Gannets and 
boobies. Oxford University Press, London, U.K., 1024 p. 
ORO, D., R. TORRES, C. RODRiGUEZ, AND H. DRUMMOND. 2010. Climatic 
influence on demographic parameters of a tropical seabird varies with 
age and sex. Ecology 91: 1205-1214. 
RUBIO-GODOY ET AL.-HELMINTHS OF BLUE-FOOTED BOOBIES 641 
ORTEGA-OLIVARES, M. P., A. O. BARRERA-GUZMAN, I. HASSOVA, G. 
SALGADO-MALDONADO, S. GUILLEN-HERNANDEZ, AND T. SCHOLTZ. 
2008. Tapeworms (Cestoda: Gryporhynchidae) of fish-eating birds 
(Ciconiiformes) from Mexico: New host and geographical records. 
Comparative Parasitology 75: 182-195. 
OSORIO-BERISTAIN, M., AND H. DRUMMOND. 1998. Non-aggressive mate 
guarding by the blue-footed booby: A balance of female and male 
control. Behavioral Ecology and Sociobiology 43: 307-315. 
PAPAZAHARIADOU, M., A. DIAKOU, E. PAPADOPOULOS, I. GEORGOPOULOU, A. 
KOMNENOU, AND K. ANTONIADOU-SOTIRIADOU. 2008. Parasites of the 
digestive tract in free-ranging birds in Greece. Journal of Natural 
History 42: 381-398. 
PEREZ-PONCE DE LEON, G., L. GARciA-PRIETO, AND B. MENDOZA-GARFIAS. 
2007. Trematode parasites (Platyhelminthes) of wildlife vertebrates in 
Mexico. Zootaxa 1534: 1-247. 
---, ---, D. OSORIO-SARABIA, AND V. LEON-REGAGNON. 1996. 
Listados Faunisticos de Mexico VI. Helmintos parasitos de peces de 
aguas continentales de Mexico. Instituto de Biologia, Universidad 
Nacional Autonoma de Mexico, Mexico City, D.F., Mexico, 100 p. 
PYROVETSI, M., AND M. PAPAZAHARIADOU. 1995. Mortality factors of 
Dalmatian pelicans (Pelecanus crispus) wintering in Macedonia, 
Greece. Environmental Conservation 22: 345-351. 
REYNOLDS, J. D., AND M. R. GROSS. 1990. Costs and benefits of female mate 
choice: Is there a lek paradox? American Naturalist 136: 230-243. 
ROZSA, L., J. REICZIGEL, AND G. MAJOROS. 2000. Quantifying parasites in 
samples of hosts. Journal of Parasitology 86: 228-232. 
SANMARTiN, M. L., J. A. CORDEIRO, M. F. ALVAREZ, AND J. LEIRO. 2005. 
Helminth fauna of the yellow-legged gull Larus cachinnans in Galicia, 
north-west Spain. Journal of Helminthology 79: 361-371. 
SCHMIDT, G. D. 1986. Handbook of tapeworm identification. CRC Press, 
Boca Raton, Florida, 675 p. 
SHAMSI, S., R. GASSER, I. BEVERIDGE, AND A. A. SHABAN!. 2008. 
Contracaecum pyripapillatum n. sp (Nematoda: Anisakidae) and a 
description of C. multipapillatum (von Drasche, 1882) from the 
Australian pelican, Pelecanus conspicillatus. Parasitology Research 
103: 1031-1039. 
SILVA, R. J., T. F. RAso, P. J. FARIA, AND F. P. CAMPOS. 2005. Occurrence of 
Contracaecum pelagicum Jolmston & Mawson 1942 (Nematoda, 
Anisakidae) in Sula leucogaster Boddaert 1783 (Pelecaniformes, Sulidae). 
Arquivo Brasileiro de Medicina Veterinaria e Zootecnia 57: 565-567. 
SKIRNISSON, K., AND K. V. GALAKTIONOV. 2002. Life cycles and 
transmission patterns of seabird digeneans in SW Iceland. Sarsia 
87: 144-151. 
STAMPS, J., M. CALDERON-DE ANDA, C. PEREZ, AND H. DRUMMOND. 2002. 
Collaborative tactics for nestsite selection by pairs of blue footed 
boobies, Sula nebouxii. Behaviour 139: 1383-1412. 
STUNKARD, H. W. 1964. Studies on the trematode genus Renicola: 
Observations on the life-history, specificity, and systematic position. 
Biological Bulletin 126: 467-489. 
TORRES, P., R. SCHLATTER, A. MONrEFUSCO, W. GESCHE, E. RUIZ, AND A. 
CONTRERAS. 1993. Helminth-parasites ofpiscivorous birds from lakes in 
the south of Chile. Memorias do Instituto Oswaldo Cruz 88: 341-343. 
TORRES, R., AND A. VELANDO. 2005. Male preference for female foot color 
in the socially monogamous blue-footed booby, Sula nebouxii. 
Animal Behaviour 69: 59-65. 
TRAVASSOS, L., J. F. TEIXEIRA DE FREITAS, AND A. KOHN. 1969. Trematodeos 
do Brasil. Memorias do Instituto Oswaldo Cruz 67: 1-886. 
VELANDO, A., R. BEAMONTE-BARRIENTOS, AND R. TORRES. 2006. Pigment-
based skin colour in the blue-footed booby: An honest signal of 
current condition used by females to adjust reproductive investment. 
Oecologia 149: 535-542. 
WEIMERSKIRCH, H., S. A. SHAFFER, Y. TREMBLAY, D. P. COSTA, H. 
GADENNE, A. KATO, Y. ROPERT-COUDERT, K. SATO, AND D. AURIOLES. 
2009. Species- and sex-specific differences in foraging behaviour and 
foraging zones in blue-footed and brown boobies in the Gulf of 
California. Marine Ecology Progress Series 391: 267-278. 
Y AMAGUTI, S. 1971. Synopsis of digenetic trematodes of vertebrates, vol. I. 
Keigaku Publishing Co., Tokyo, Japan, 1074 p. 
ZAVALAGA, C. B., S. BENVENUTI, L. DALL'ANTONIA, AND S. D. EMSLIE. 
2007. Diving behavior of blue-footed boobies Sula nebouxii in 
northern Peru in relation to sex, body size and prey type. Marine 
Ecology-Progress Series 336: 291-303. 
J. Parasitol., 97(4), 2011, pp, 642-647 
© American Society of Parasitologists 2011 
PURIFICATION AND CHARACTERIZATION OF A PROTEIN CAPABLE OF BINDING TO 
FATTY ACIDS AND BILE SALTS IN GIARDIA LAMBLIA 
R. Diaz de la Guardia, M. B. Lopez, M. Burgos, and A. Osuna 
Instituto de Biotecnologia, Grupo de Bioquimica y Parasitologia Molecular, Campus de Fuentenueva, Universidad de Granada, Granada 18071, 
Spain, e-mail: rdiaz@ujaenes 
ABSTRACT: A specific fatty acid binding protein was isolated from Giardia lamblia, using an affinity column with butyric acid acting 
as a ligand in place of stearic acid, This method has proved to be more efficient than the one previously described using stearic acid as 
ligand, The purified fraction showed 8 electrophoretic bands of proteins, with molecular weights ranging between 8 and 80 kDa, This 
pattern is a consequence of the aggregation of a protein with a molecular weight of 8,215 Da, corresponding to the lower molecular 
weight band, the only one capable of binding to fatty acids, The labeled oleic acid bound to these purified proteins was replaced by a 
100-fold greater concentration of taurocholate, glycocholate, deoxycholate, palmitic acid, and arachidonic acid, having a greater 
displacement of the bile salts than the free fatty acids, 
Giardia lamblia is a flagellated, monoxenous protozoan parasite 
that infects the upper intestinal tract of vertebrates, including 
humans, This pathogen is the most frequent cause of gastroin-
testinal infection by a protozoan (Heyworth, 1996), Giardiasis can 
be either symptomatic or asymptomatic, more frequently the 
latter (Hopkins and Juranek, 1991), It is more prevalent in 
children than in adults and is more common in tropical regions, 
Giardia lamblia is incapable of de novo fatty acid synthesis (Das 
et aI., 2002), Parasitic helminths contain large amounts of lipid 
but possess only limited ability to synthesize long-chain fatty acids 
de novo, so they must rely heavily on uptake of non-esterified 
fatty acids from the host (Barrett, 1981), In order to compensate 
for this apparent metabolic omission, the parasites possess 
bioactive molecules that are implicated in the acquisition and 
use of hydrophobic substances from their hosts. These molecules 
include the intracellular hydrophobic ligand binding proteins 
(HLBPs) that include phospholipid and glycolipid transport 
proteins, retinol and retinoic acid binding proteins, AcylCoA 
binding proteins, and several families of fatty acid binding 
proteins (FABPs) (Saghir et aI., 2001). HLBPs show varying 
degrees of specificity and increase the solubility of hydrophobic 
ligands, thus aiding their intracellular and extracellular transport. 
Proteins with amino acid sequences similar to mammalian fatty 
acid binding proteins have been described in parasitic nematodes, 
cestodes, and digeneans (Becker et aI., 1994; Bozas and Spithill, 
1996; Tendler et aI., 1996; Esteves et aI., 1997; Mei et aI., 1997; 
Smooker et aI., 1997; Abreu et aI., 2004). In addition, 2 unusual 
classes of HLBPs have been found in nematodes and cestodes. 
The nematode polyprotein allergens are a group of helix bunch, 
lipid binding proteins (LBPs) with extremely hydrophobic binding 
sites (Kennedy, Allen et aI., 1995; Kennedy, Brass et aI., 1995; 
Kennedy, Britton et aI., 1995; Kennedy et aI., 1997; McDermott et 
aI., 1999; Kennedy, 2000). The second group of novel HLBPs is 
represented by the lipid binding protein from the cestode 
Moniezia expansa (Janssen and Barrett, 1995; Barrett et aI., 1998). 
HLBPs are a widely distributed group of low molecular weight 
proteins, with molecular masses ranging between 7 and 15 kDa 
(Chemale et aI., 2005; Lee et aI., 2007), which can be found in the 
plasma membrane and extracellular fluids. At the same time, the 
F ABPs can be classified into different protein subfamilies. To 
date, 12 F ABP subfamilies have been identified in vertebrates (Liu 
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et aI., 2008). A subfamily of low molecular weight molecules 
(S14 kDa) has been found in helminths but not in cells of 
vertebrates; these molecules constitute 2-3% of the cytosolic 
proteins (Frolov and Schroeder, 1997). 
Most eukaryotic cells studied have proteins that bind and 
transport fatty acids, being characterized in many invertebrates, 
including helminth parasites, such as Sm14 of Schistosoma 
mansoni-FABP (Moser et aI., 1991), Sj-FABP in Schistosoma 
japonicum (Becker et aI., 1994), FhI5-FABP in Fasciola hepatica 
(Rodriguez-Perez et aI., 1992; Hillyer, 1995; Espino et aI., 2001), 
Fg-FABP in Fasciola gigantica (Smooker et aI., 1997), EgDfl in 
Echinococcus granulosus (Esteves et aI., 1993; Chabalgoity et aI., 
1997), ABA-l in Ascaris suum (Kennedy, Brass et aI., 1995), and 
LBPs in M. expansa (Janssen and Barrett, 1995). They are 
observed also in insects, such as Schistocerca gregaria (Hauner-
land and Chisholm, 1990) and Manduca sexta (Smith et aI., 1992), 
and vertebrates, such as Rattus norvegicus (Ockner et aI., 1972) 
and Mus musculus (Schaffer and Londish, 1994). 
In the present study, we have isolated a 8,215 Da protein from 
G, lamblia, with features similar to HLBPs and F ABP proteins, 
capable of binding to fatty acids. It also possesses a high degree of 
immunogenicity (Hasan, Maache, et aI., 2002). The variability in 
amino acid composition ofHLBP and FABP proteins (Veerkamp 
et aI., 1991; Arend et aI., 2004) and their location on the parasite 
make it a good candidate for use as a vaccine. We have improved 
the purification process using an affinity column prepared with 
butyric acid as the ligand. Studies on these purified proteins 
indicate that they have an ability to aggregate among themselves, 
losing the capacity to bind fatty acids and bile salts. 
MATERIALS AND METHODS 
Trophozoite culture of G. lamblia and protein extract 
Trophozoites of G, lamblia strains ATCC 30957 (American Type 
Culture Collection, Manassas, Virginia) were cultured in TYI-S 33 
(Keister, 1983), enriched with 10% fetal bovine serum, and inactivated 
by heat treatment at 56 C for 30 min. The parasites were cultured in glass 
flasks at 37 C for at least 72 hI. When they reached the logarithmic growth 
phase, the parasites were cooled at 4 C for 20 min and centrifuged at 250 g 
for 10 min at 4 C. The pellets were washed in phosphate buffered saline, 
The pellets containing the protozoans were suspended in lysis buffer 
(20 mM phosphate buffer [pH 7.4], 0.25 mM sucrose, 1 mM EDTA, 
0,145 mM KCl, 1 mM dithiothreitol, 1% de Triton X-IOO, and 100 mM 
protease inhibitor cocktail [Complete Mini, Boehringer Mannheim 
GmbH, Mannheim, Germany]) (Campbell et aI., 1994) and then were 
frozen and thawed 3 times, followed by sonication (5 min, 60 cycles, 0 C). 
The sonicated fraction was centrifuged at 22,000 g for 30 min, and the 
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TABLE I. Purification of fatty acids binding proteins from Giardia lamblia using butyric acid as ligand. * 
Samples Volume (ml) Protein (mg/ml) Total protein (mg) Protein (%) Yield R DP Yield (%) 
Lysate 8.5 2.52 21.420 100 0.1153 100 
Supernatant 8.0 2.21 17.680 82.54 0.1089 94.5 
Bio-beads 7.5 0.89 6.675 31.16 0.0964 83.6 
Lipidex 7.0 0.73 5.110 23.86 0.0937 81.3 
Sepharose-butyric acid 6.5 0.081 0.526 2.45 0.0723 62.71 
• Protein yield of fatty acid binding proteins isolated from G. lamblia, determined by Bradford's method and DAUDA. Relative fluorescence values were obtained by the 
formula, R DP = Fm - FflFp - Ff. R DP = Relative values ofDAUDA linked to FABP proteins. Fm = Maximum fluorescence obtained by DAUDA (111M), emission 
at 500 urn and excitation at 330 urn obtained in presence of 400 Ilg of FABP proteins. Fp = Fluorescence obtained by DAUDA (111M), emission at 500 urn and excitation at 
330 nm in the presence of 4 Ilg of total proteins from different purification steps. Ff = Fluorescence obtained by DAUDA (111M), emission at 500 nm and excitation at 
330 nm in absence of proteins. This purification was performed on 5 occasions. 
resulting supernatant was collected. The supernatant was passed through a 
1 X 8 em Bio-Beads® SM-2 (BioRad Laboratories, Richmond, California) 
column, using the method of Dutta-Roy and Sinha (1987), to eliminate the 
detergent used in the lysis buffer, and then was passed through a I X 15 em 
Lipidex-l,OOO column (hydroxyalkoxypropyl sepharose; Sigma, St. Louis, 
Missouri) to discard the free lipids (Lee et a!., 1998). 
Affinity chromatography by butyric-sepharose 
The delipidated sample was chromatographed at a flow rate of 0.1 mil 
min, using an affinity column prepared with epoxy-sepharose 4B 
(Amersham Pharmacia Biotech, Uppsala, Sweden) as the matrix and 
butyric acid as the ligand (Peters et a!., 1973), with the latter replacing the 
traditionally used stearic acid (Hasan, Dias de la Guardia et a!., 2002). The 
bound fraction was eluted with 0.1 M Tris-HCI buffer containing I M 
NaCI and dialyzed in distilled water. The molecular weight was 
determined by mass spectrometry (MALDI-TOF) in a Broker Autoflex 
II MALDI-TOF-MS system (Bremen, Germany). 
Determination of the purification 
The quantification of proteins was performed using the Bradford (1976) 
method, with bovine serum albumin as the protein standard; the 
purification yield of fatty acid binding proteins was determined using 
l1-(dansylamino) undecanoic acid (DAUDA) (Hasan et a!., 2005) and a 
Hitachi F 2000 spectrofluorirneter. 
The affinity-purified samples were electrophoresed under non-reducing 
or reducing conditions on 12.5% or 20% SDS/PAGE by the Laemmli 
method (Laemmli, 1970), using a PhastSystem (Amersham), and were 
stained with silver nitrate (Heukeshoven and Demick, 1985). 
Transference of proteins to PVDF membrane iIybond-P (Amersham) 
was performed by the method of Towbin et a!. (1979); the membranes 
were sent to the Protein Chemistry Laboratory IBCP (IBCP, INSERM, 
Lyon, France) for sequencing. The results were compared with those 
obtained previously (Hasan, Dias de la Guardia et a!., 2002) for protein 
isolates through a traditional affinity column prepared with sepharose 
epoxy 4B and stearic acid as the ligand. 
Study of binding properties 
The affinity-purified samples were also treated with immobilized trypsin 
and papain (Roberts et a!., 1977) in a 20:1 proportion. The products 
obtained were dialyzed with distilled water 72 hr, lyophilized, and 
electrophoresed under reducing conditions on 20% SDSIPAGE. 
To determine the bindin~ capacity of the proteins, the purified fraction 
was incubated with [U- 4C] oleic acid NENTM DuPont (Boston, 
Massachusetts) at a concentration of 0.1 ILCilILg protein for 20 min at 
37 C (Campbell et a!., 1994), and the purified fraction was incubated with 
Lipidex to capture the unlinked oleic acid. Then the proteins bound to 
[U)4C] oleic acid were incubated at 100-fold more concentration of 
taurocholate, glycocholate, deoxycholate, palmitic acid, and arachidonic 
acid, at different times (5, 10, 15,30, and 60 min) at 37 C. The reaction was 
stopped by ice incubation for 10 min. The sample was then incubated with 
Lipidex to remove the displaced [U)4C] oleic acid. The incubated proteins 
were separated under non-reducing conditions on 12.5% SDS/PAGE, 
extracted from the gels, mixed with liquid scintillation cocktail (EcoLite, 
ICB, Costa Mesa, California), and counted with a LS-6000 ~-counter 
(Beckman, Palo Alto, California). 
RESULTS 
The results of purification and protein yield of the isolated 
proteins from G. lamblia, when butyric acid was used as the ligand 
as a substitute for stearic acid, were evaluated for its ability to 
bind DAUDA (Table I). After the purification, the final yield was 
62.71 %; when stearic acid was used as the ligand, the yield was 
53.13% (Hasan et al., 2005). 
SDSIPAGE analysis, performed under reducing conditions, is 
shown in Figure 1; the purified fraction produced a distribution 
with 8 protein bands with molecular weights ranging from 8 to 
80 kDa (80, 56, 48, 40, 32, 24, 16, and 8 kDa). The spectrometer 
showed more precisely that affinity-purified samples have a single 
component with an exact molecular weight of 8,215.96 Da, which 
corresponds with the lowest molecular weight band from the 
SDS-PAGE electrophoresis. The amino acids composition in the 
8,215.96 Da band is shown in Table II; abundant amino acids 
include glycine (17.22%) and glutamic acid (14.15%). Less 
abundant amino acids include lysine (6.11%), methionine 
(4.20%), phenylalanine (3.14%), and threonine (3.07%), concen-
trations similar to those obtained in the F ABP isolated with 
stearic acid as the ligand. 
Affinity-purified sample papain and trypsin digestion profile is 
shown in Figure 2. The peptides obtained show a band of 32 kDa 
in lane C, corresponding to trypsin digestion, and a band of 
8 kDa, a band of 21 kDa, and a band of 32 kDa in lane D, 
corresponding to papain digestion. 
The purified fraction incubated with [U_14C] oleic acid, and 
100-fold more concentration of taurocholate, glycocholate, 
deoxycholate, palmitic acid, and arachidonic acid, is shown in 
Figure 3. In all of the gels, only the F fraction, which includes the 
8,215.96 Da protein, contained radioactivity by the [U_14C] oleic 
acid binding. In contrast, the remaining bands in E fraction did 
not exhibit any radioactivity. The displacement of [U_14C] oleic 
acid is illustrated in Figure 4. 
DISCUSSION 
Giardia lamblia is the etiologic agent of a gastrointestinal illness 
called giardiasis, which affects primarily the small intestine of 
vertebrates, including humans. It is considered the most 
widespread of the protozoan parasites. Giardia lamblia affiicts 
children worldwide; the disease produced may be variously 
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FIGURE I. Silver-stained electrophoreses SDS-PAGE (gel 20%, under 
reducing conditions) containing the affinity-purified samples of Giardia 
lamblia. (A) The marker-protein pattern. (8) Purified proteins of 
G. lamblia. 
associated with growth retardation and loss of appetite, nausea, 
flatulence, abdominal pain, and steatorrhea (Korman et a!., 
1990), All of the latter symptoms generally induce weight loss 
(Farthing et a!., 1986). 
Trophozoites of G. lamblia appear to depend on preformed 
lipids, being unable to synthesize them de novo (Jarroll et a!., 
TABLE II. Amino acids composition in the 8,215 Da band of the isolated 
proteins from Giardia lamhlia. 
Amino acids No. Moles Residues (0/00) Residues (%) 
Asp 0.10 102.16 10.21 
Thr 0.03 30.75 3.07 
Ser 0.09 91.62 9.16 
Glu 0.14 141.53 14.15 
Gly 0.17 172.25 17.22 
Ala 0.04 41.15 4.11 
Cys ND ND ND 
Val 0.11 113.47 11.34 
Met 0.04 42.04 4.20 
LIe 0.07 70.20 7.02 
Leu 0.10 102.26 10.22 
Phe 0.03 31.47 3.14 
Lys 0.06 61.10 6.11 
Trp ND ND ND 
Bala ND ND ND 
0.98 1,000 99.95 
FIGURE 2. (A) Silver-stained electrophoreses SDS-PAGE (gel 20%, 
under reducing conditions) containing on the left the marker-protein 
pattern. (8) Purified proteins of Giardia lamhlia. (C) Purified proteins 
treated with trypsin. (D) Purified proteins treated with papain, where P is 
free papain. 
1989). Lipids are captured from lipoproteins and bile salt micelles 
by various kinetic means (Lujan et a!., 1996). Fatty acids such as 
arachidonic and palmitic acids are then incorporated into 
phospholipids and neutral lipids within the cell (Blair and Weller, 
1987; Hiltpold et a!., 2000), with 9 times more palmitic acid than 
arachidonic acid being assimilated (Gibson et a!., 1999). 
In all eukaryotic cells investigated, a number of proteins, both 
in the membrane and in the cytosol, have been identified that can 
bind fatty acids (Fujii et a!., 1987; Cooper et a!., 1989; Stremmel et 
a!., 1992). In helminths, for example, these molecules include 
HLBPs and F ABPs. Recently, using an affinity column prepared 
with sepharose epoxy 4B and stearic acid as a ligand, our group 
has characterized proteins with a similar function in parasitic 
protozoans; these proteins exhibit a molecular weight of about 
8 kDa (Hasan, Dias de la Guardia et a!., 2002; Maache et a!., 
2005). 
In the present study, we describe a similar protein to the lipid 
binding proteins, isolated from C. lamblia, which was purified 
through an affinity column prepared with butyric acid as the 
ligand. After purification (Table I), the final yield was 62.71%, 
i.e., a yield increase when compared with the purification 
FIGURE 3. Silver-stained electrophoreses SDS-PAGE (gel 12.5%, 
under non-reducing conditions) containing the affinity-purified samples 
of Giardia lamblia, binding to [U)4C] oleic acid and displacement with 
(A) deoxycholate, (8) taurocholate, (C) glycocholate, or (D) arachidonic 
acid, at different incubation times (5, 10, 15, 30, and 60 min). (C) The 
affinity-purified samples, binding to [U- 14C] oleic acid, without displace-
ment. (E) and (F) The 2 fractions in which the gels were divided to test 
the radioactivity. 
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FIGURE 4. [U)4q oleic acid displacement versus time by C.) 
arachidonic acid, CD) palmitic acid, C-) taurocholate, C.&.) glycocholate, 
Ce) deoxycholate. 
procedures using an affinity column prepared with stearic acid as 
the ligand (Hasan et aI., 2005). The method used here is, 
therefore, more efficient than the one previously described for 
the purification of these proteins in G. lamblia. 
The number of bands in the purified protein fraction from G. 
lamblia separated by electrophoresis on a 20% SDSIPAGE gel show 
molecular weights ranging between 8 and 80 kDa (Fig. 1). The 
protein aggregation was described by Fournier and Rahim (1983) for 
FABP isolated from heart muscle (H-FABP). The phenomenon of 
aggregation was found to occur when the proteins than the 8 kDa 
band were fragmented with trypsin and papain. The results indicated 
that no bands appeared with a lower molecular weight than 8 kDa, 
and only 1 new band was found in the trypsin digestion, and 2 new 
bands in the papain digestion, 1 with 32 kDa and the free papain 
with 21 kDa. These observations suggest that the aggregation 
process is probably produced by the association between the 
hydrophobic parts of the molecules (Hasan et aI., 2005), which 
form a more stable species with 4 molecules bound together (Fig. 2). 
The atrmity results indicate that after incubation with [U_I4C] oleic 
acid, only the band with the 8,215.96 kDa polypeptide was labeled 
(Fig. 3). The aggregation process could be an intracellular tool to 
regulate the activity of these proteins in vivo, since the protein 
aggregates do not bind fatty acids (Fournier and Rahim, 1983). 
Analysis by mass spectrometry showed that the protein band with 
affinity toward fatty acids had a molecular weight of 8,215.96 kDa, 
identical to that obtained previously by Hasan, Diaz de la Guardia et 
al. (2002) for proteins of G. lamblia and by Maache et ai. (2005) for 
Leishmania donovani. 
The displacement experiments were undertaken using the 
purified proteins of G. lamblia, following experimental protocols 
described by Frolov and Schroeder (1997) from liver FABPs, H-
FABPs, and intestine FABPs. When the [U)4C] oleic acid was 
displaced with 100-fold more concentrations of taurocholate, 
glycocholate, deoxycholate, palmitic acid, and arachidonic acid, 
the displacement occurred between 5 and 15 min of incubation 
(Fig. 4), and bile salts, such as taurocholate, glycocholate, and 
deoxycholate, produced a greater displacement of [U_ I4C] oleic 
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acid than palmitic and arachidonic acids. With this experiment, 
we showed that the purified proteins have a greater affinity for 
bile salts and less for free fatty acids (Lujan et aI., 1996; 
Erlandsen, 2005), indicating that the lipids are incorporated by 
these lipid binding proteins more readily inside the micelles 
formed by bile salts than as free fatty acids. 
These results suggest that future research should focus on the 
role these proteins could playas carriers of drugs into micelles or 
as determinants in the study of drug-resistant parasite strains. 
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NOVEL HEPATOZOON IN VERTEBRATES FROM THE SOUTHERN UNITED STATES 
Kelly E. Allen, Michael J. Yabsley*, Eileen M. Johnson, Mason V. Reichard, Roger J. Panciera, Sidney A. Ewing, 
and Susan E. Littlet 
Department of Veterinary Pathobiology, Center for Veterinary Health Sciences, Oklahoma State University, Stillwater, Oklahoma 74074, 
e-mail: susan.littie@okstate.edu 
ABSTRACT: Novel Hepatozoon spp. sequences collected from previously unrecognized vertebrate hosts in North America were 
compared with documented Hepatozoon 18S rRNA sequences in an effort to examine phylogenetic relationships between the different 
Hepatozoon organisms found cycling in nature. An approximately 50(}-base pair fragment of 18S rDNA common to Hepatozoon spp. 
and some other apicomplexans was amplified and sequenced from the tissues or blood of 16 vertebrate host species from the southern 
United States, including I opossum (Didelphis virginiana), 2 bobcats (Lynx ruJus), 1 domestic cat (Felis catus), 3 coyotes (Canis latrans), 
1 gray fox (Urocyon cinereoargenteus), 4 raccoons (Procyon lotor), 1 pet boa constrictor (Boa constrictor imperator), I swamp rabbit 
(Sylvilagus aquaticus), 1 cottontail rabbit (Sylvilagusfloridanus), 4 woodrats (NeotomaJuscipes and Neotoma micropus), 3 white-footed 
mice (Peromyscus leucopus), 8 cotton rats (Sigmodon hispidus), 1 cotton mouse (Peromyscus gossypinus), 1 eastern grey squirrel (Sciurus 
carolinensis), and 1 woodchuck (Marmota monax). Phylogenetic analyses and comparison with sequences in the existing database 
revealed distinct groups of Hepatozoon spp., with clusters formed by sequences obtained from scavengers and carnivores (opossum, 
raccoons, canids, and felids) and those obtained from rodents. Surprisingly, Hepatozoon spp. sequences from wild rabbits were most 
closely related to sequences obtained from carnivores (97.2% identical), and the sequence from the boa constrictor was most closely 
related to the rodent cluster (97.4% identical). These data are consistent with recent work identifying prey-predator transmission cycles 
in Hepatozoon spp. and suggest this pattern may be more common than previously recognized. 
Species of the apicomplexan, Hepatozoon, are obligate hetero-
xenous parasites of a variety of vertebrate intermediate and 
invertebrate definitive hosts (Smith, 1996; Smith and Desser, 
1997; Vincent-Johnson et aI., 1997). Characteristics distinguishing 
Hepatozoon species from other hemogregarines include the 
development of large, polysporocystic oocysts within invertebrate 
definitive hosts (Desser, 1990; Smith, 1996; Smith et aI., 1999) 
with transmission to vertebrate intermediate hosts usually 
occurring by ingestion of infected invertebrate hosts (Smith, 
1996; Baneth et aI., 2007). After ingestion, zoite stages dissem-
inate within vertebrate hosts and localize within host tissues, 
forming either cyst stages or meronts (Smith, 1996; Johnson et aI., 
2008). In intermediate vertebrate hosts, after 1 or a number of 
merogonic cycles, merozoites invade blood cells and develop into 
gamonts, which are found circulating in host erythrocytes or 
leukocytes (Smith, 1996; Baneth et aI., 2007). Gamonts are the 
infective stage to blood-sucking invertebrates, which include 
various lice, fleas, ticks, mites, triatomids, and mosquitoes (Smith, 
1996; Smith and Desser, 1997). 
More than 300 species of Hepatozoon have been individually 
named, but less than 50 of these are from mammals (Smith, 1996). 
Complete life cycle descriptions are available for relatively few of the 
Hepatozoon species documented (Smith, 1996). Confounding taxo-
nomic classifications, certain well-studied Hepatozoon species have 
been observed to establish infections in multiple vertebrate species in 
experimental studies (Smith, 1996; Smith and Desser, 1997; Moen et 
al., 2002; Johnson, Allen et aI., 2009). Experiments demonstrating 
transmission of Hepatozoon spp. to documented intermediate hosts 
via the ingestion of parasite cyst stages within other vertebrate tissues 
suggest predation as an alternate transmission route in nature 
(Desser, 1990; Smith, 1996; Johnson, Panciera et aI., 2009). 
There is a dearth of molecular information regarding Hepato-
zoon species cycling in North American wildlife, exotic pets, and 
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domestic animals. At the time of this study's undertaking, only 14 
of the over 160 sequences listed in GenBank originated from 
animals in North America, all of which were obtained from 
domestic dogs with the exception of 2 sequences from rodents 
contributed in 2007 (Johnson et aI., 2007). Sequence data from 
known and novel vertebrate hosts of Hepatozoon spp. in the 
southern United States were analyzed to document the diversity 
of Hepatozoon spp. in North America and examine phylogenetic 
relationships among the known species and the parasites detected 
in North American vertebrates of the present study. 
MATERIALS AND METHODS 
Samples, DNA extraction, and peR 
The host, geographic location, and tissue type for the samples included 
in this study are described in Table I. For standard PCR, DNA was 
extracted from blood or tissues using the GFX™ Genomic Blood DNA 
Purification Kit (Amersham Biosciences, Buckinghamshire, U.K.) or the 
Illustra ™ blood genomic Prep Mini Spin Kit (GE Healthcare UK 
Limited, Little Chalfront, Buckinghamshire, U.K.), respectively. DNA 
was extracted from approximately 100-200 ILl of whole blood or 15-20 mg 
of tissue following the protocols provided by the manufacturers. Briefly, 
for tissues, sterile scalpels were used to shave frozen sections that were 
then placed in lysis buffer with proteinase K for I hr before following the 
extraction procedure. 
For the domestic cat, only a blood smear was available. The smear was 
placed in xylene overnight to remove the sealed coverslip, and a sterile 
scalpel was used to scrape the stained cell layer off of the slide into a small 
amount of sterile Tris-EDTA (TE) buffer (Promega Corporation, 
Madison, Wisconsin). The scraped material was placed in a microcen-
trifuge tube, brought to a total volume of 200 III in sterile TE, and 
extracted for DNA from blood with the Illustra kit. Nested PCR was 
performed on DNA extractions using primers 5.1 and 3.1 followed by 
RLBH-F and RLBH-R as previously described (Allen et aI., 2008). 
Sequencing 
Amplicons from positive PCR samples were prepared for direct 
sequencing and sequenced as previously described (Allen et aI., 2008). 
Briefly, amplicons obtained from nested PCR reactions were purified and 
concentrated using Amicon® Microcon®-PCR Centrifugal Filter Devices 
(Millipore Corporation, Bedford, Massachusetts) and were sequenced in 
both directions with primers RLBH-F and RLBH-R using an ABI3730 
capillary sequencer. 
Owing to difficulties encountered with direct sequence attempts, cloning 
was performed on amplicons obtained from coyotes, the domestic cat, and 
ALLEN ET AL.-NOVEL HEPATOZOON SPECIES 649 
TABLE 1. Host, accession number, tissue type, and state of host origin for sequences of Hepatozoon spp. included in comparison. 
Host Accession number 
Virginia opossum, Didelphis virginiana 
Bobcat, Lynx rufus· 
Domestic cat, Felis catus 
Coyote, Canis latrans 
Coyote, Canis latrans* 
Coyote, Canis latrans* 
Swamp rabbit, Sylvilagus aquaticus 
Eastern cottontail rabbit, Sylvilagus floridanus 
Raccoon, Procyon lotor (n = 4)t 
Gray fox, Urocyon cinereoargenteus 
White-footed mouse, Peromyscus leucopus 
Cotton mouse, Peromyscus gossypinus 
Dusky-footed woodrat, Neotoma fuscipes· 
Southern plains woodrat, Neotoma micropus* 
Hispid cotton rat, Sigmodon hispidus 
Eastern gray squirrel, Sciurus carolinensis 
Woodchuck, Marmota monax 
Boa constrictor, Boa constrictor imperator 
• A single sample contained multiple sequences of Hepatozoon sp. 
t Amplicons from all animals tested had identical sequence. 
JF491225 
JF49 1226 
JF49 1227 
JF49 1228 
JF49 1229 
JF491230 
JF491231 
JF491232 
JF491233 
FJ895407 
FJ895406 
JF949 I 243-6 
JF491234 
EF620027 
JF491235 
JF491238 
JF491239 
JF491236 
JF491237 
EF620026 
JF49 1240 
JF491241 
JF49 1242 
the blood of a naturally infected dog maintained by Oklahoma State 
University (Stillwater, Oklahoma) as a Hepatozoon americanum reservoir 
(Panciera et aI., 1999) using the TOPO@ TA Cloning Kit for Se~encing 
(Invitrogen, Carlsbad, California) and plating on OptiGrowT Luria 
broth agar (Fisher BioReagents, Fair Lawn, New Jersey), supplemented 
with 50 J-lg/ml ampicillin (EMD Chemicals Inc., Gibbstown, New Jersey), 
1 mMol IPTG (Invitrogen), and 0.8 mg B-galactose (Invitrogen). Colonies 
harboring plasmids with an insert were inoculated into 3 ml Luria broth 
(Fisher BioReagents) with ampicillin (50 J-lg/ml) and incubated for 12-18 hr 
at 37 C while shaking at 150 rpm. Turbid cultures were centrifuged at 
1,500 rpm for 10 min to pellet cells, and the Promega PureYield™ 
Plasmid Miniprep System (Promega Corporation, Madison, Wisconsin) 
was used according to the manufacturer's protocol to harvest plasmids 
from transformed cells. Plasmids with inserts were sequenced using M13 
forward and reverse primers. 
Sequence analyses 
Sequences obtained from the present study were compared with all 
available sequences in the National Center for Biotechnology Informa-
tion database. Five Hepatozoon spp. sequences previously reported 
in GenBank (A864676, AY461378, AY620232, AEF157822, and 
AF494058) were selected for use in the phylogenetic analysis based on 
identity with the novel sequences reported here and diversity within the 
genus. Also, 2 sequences obtained from the Oklahoma State University 
(OSU)-maintained reservoir dog, designated H. americanum OSU-l and 
OSU-2, were used in our comparisons. MacVector 8.1 software was used 
for sequence analyses. A phylogenetic tree (Neighbor Joining; Best Tree, 
Jukes-Cantor calculated evolutionary distance with Adelina outgroup 
rooting) and a percentage similarity matrix were constructed to determine 
genetic relationships and identities of sequences gathered in this study 
based on the -50D-base pair 18S rDNA hypervariable region amplified. 
RESULTS 
Hepatozoon spp. sequences collected in this study are listed in 
Table I. When sequences were compared, distinct groupings were 
evident in the phylogenetic tree (Fig. 1). In general, Hepatozoon 
Tissue type U.S. state of host origin 
Whole blood Georgia 
Spleen Georgia 
Blood smear Oklahoma 
Whole blood Texas 
Whole blood Oklahoma 
Whole blood Oklahoma 
Heart Oklahoma 
Heart Oklahoma 
Heart Oklahoma 
Whole blood Georgia 
Liver Oklahoma 
Whole blood Georgia 
Whole blood California 
Whole blood Texas 
Liver Oklahoma 
Spleen Georgia 
Whole blood Missouri 
Whole blood Oklahoma 
spp. sequences from carnivores and the opossum grouped 
together, while those from rodents formed a separate clade. 
Exceptions included Hepatozoon spp. sequences from the 
cottontail and swamp rabbits, which did not group with 
sequences found in other herbivores but instead were included 
within a separate cluster that was most similar to sequences 
obtained from canids in North America (Fig. 1). Also, Hepato-
zoon sp. sequence from the pet boa constrictor in Oklahoma and a 
previously documented Hepatozoon ayorgbor sequence from a 
snake from Ghana (EFI57822) grouped with sequences obtained 
from rodents trapped in Texas, Oklahoma, Georgia, and 
California. A sequence from a gray fox grouped with a sequence 
documented as Hepatozoon canis from a domestic dog in Spain 
(AY461378), and the sequence obtained from the blood smear of 
the domestic cat grouped with sequences from coyotes and 
domestic dogs from the United States (Fig. 1) rather than those 
previously reported from felids (AY620232, DQ315566, 
EU028344, EU267606, EU62291O, FJ213775, and GQ377216). 
When Hepatozoon spp. sequences from each cluster represented 
in the phylogenetic tree were compared to determine percentage 
identities, they were found to be 90.3-97.2% identical (data not 
shown). The sequences obtained from the cottontail and swamp 
rabbit were 99.2% identical to each other and up to 97.2% 
identical to sequences from a coyote, the domestic dog H. 
americanum sequences OSU-l and OSU-2, and the published H. 
americanum sequence A Y86467. 
Among the rodent Hepatozoon spp. sequences, percentage 
identities ranged from 97.2% to 99.8%. Sequences from the boa 
constrictor and the previously documented H. ayorgbor sequence 
(EFI57822) grouped within the rodent cluster; the sequences from 
the snakes were 95.9-97.4% and 97.8-99.6% similar to collected 
rodent sequences, respectively. 
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.--__ .......... ""4 ..... 1___ Adelina AF494058 
.4 
..---..:.!~4t--_ Opossum (GA) 
Bobcat 1 (GA) 
Bobcat 2 (GA) 
11 Hepatozoon sp. domestic cat AY620232 (Spain) 
Coyote 1 (TX) 
H. americanum OSU-2 
H. americanum OSU-1 
Coyote 3-1 (OK) 
Coyote 3-2 (OK) 
Coyote 2-2 (OK) 
Coyote 2-1 (OK) 
Domestic cat (OK) 
H. americanum AY864676 (AU) 
Swamp rabbit (OK) 
Cottontail rabbit (OK) 
.--~~~-- Raccoon.n=4(OK) 
. 1 Gray fox (GA) 
H. canis AY461378 (Spain) 
Grey squirrel (GA) 
Woodrat 2 (CA) 
~.u.11J... Cotton rat (OK) 
White-footed mouse (OK) 
Cotton mouse (GA) 
H. ayorgbor EF157822 (Ghana) 
Wood rat 1 (CA) 
L........lo-'~_ Woodchuck (MO) 
Snake (OK) O. 1 
FIGURE I. Phylogenetic tree (Neighbor Joining; Best Tree, Jukes-Cantor calculated evolutionary distance with Adelina outgroup rooting) constructed 
to evaluate genetic relationships among 18S rDNA hypervariable region sequences. 
The sequences from coyotes were 96.2-99.8% identical to each 
other and were most similar to Hepatozoon spp. sequences 
documented in domestic dogs in North America (96.0-99.8%). 
Two distinct Hepatozoon spp. sequences were obtained from each 
of 2 coyotes from Oklahoma. Coinfected coyotes harbored 
Hepatozoon sp. organisms that were 97.0% or 99.8% identical. 
The sequence collected from the gray fox was 90.9-94.6% 
identical to Hepatozoon spp. sequences obtained from coyotes and 
domestic dogs in North America. As indicated by the phyloge-
netic tree, the parasite found in the gray fox was most similar 
(98.0%) to H. canis found in a domestic dog in Spain (A Y 461378). 
The sequences from the 4 raccoons trapped in Oklahoma were 
100% identical, and the sequence was 90.9-95.2% identical to 
other sequences obtained in the present study. 
The bobcat Hepatozoon spp. sequences shared an identity of 
94.9% and were 91.7-94.6% and 92.4-96.7% similar to Hepato-
zoon spp. sequences collected from other animals. The sequence 
from the domestic cat was 91.7% and 92.4% identical to 
sequences collected from the 2 bobcats, but was 99.4% identical 
to H. americanum sequence A Y864676 previously documented in 
Alabama in a domestic dog and 99.8% identical to a coyote 
sequence reported in the current study. 
DISCUSSION 
Although Hepatozoon spp. are found in a wide range of hosts 
and have been reported in several vertebrate species in North 
America, genetic data from Hepatozoon spp. infecting animals in 
North America is quite limited. Until 2 sequences collected from 
rodents were added to the database in 2007 (Johnson et a!., 2007), 
Hepatozoon spp. data available in GenBank from the United 
States had been exclusively from domestic dogs. The present study 
is the first to document Hepatozoon spp. 18S rDNA sequence data 
from a variety of vertebrate hosts in North America. 
At a broad level, relationships of the Hepatozoon spp. 
sequences collected in the present study appeared to be associated 
with intermediate vertebrate host taxonomy. Phylogenetic anal-
yses revealed 2 distinct groupings; Hepatozoon spp. sequences 
collected from carnivores predominantly fell into I assemblage, 
while the second cluster was comprised chiefly of sequences 
obtained from rodents. However, there were some surprising 
exceptions to this generalization. A rather interesting and 
unexpected finding was the phylogenetic relatedness of Hepato-
zoon sp. sequences from rabbits to sequences collected from 
carnivores. Previous work has documented the transmission of 
various Hepatozoon species to vertebrate hosts by the ingestion of 
monozoic or dizoic cyst stages of the parasite in tissues from other 
vertebrates (Desser, 1990; Smith, 1996; Baneth and Shkap, 2003; 
Johnson, Allen et a!., 2009). Some species of Hepatozoon use 
novel paratenic hosts, including rabbits, in experimental trials 
(Smith, 1996; Johnson et a!., 2008; Johnson, Allen et a!., 2009). 
The 2 infected rabbits found here may have been incidentally 
infected with a genetically uncharacterized species of Hepatozoon 
by ingestion of infected arthropod hosts or ingestion of 
contaminating oocysts from mechanically disrupted arthropod 
hosts. Conversely, undescribed species of Hepatozoon may be 
cycling in rabbits and unidentified arthropod and carnivorous 
hosts. To the authors' knowledge, the rabbit sequences are unique 
and are the first Hepatozoon sp. sequences reported from 
lagomorphs. 
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Data published from other areas of the world from pine 
martens (Martes martes; EU686690, EF222257), bank voles 
(Clethrionomys glareolus; A Y600625, A Y600626), a wild rat 
(Bandicota indica; ABI81504), and a red squirrel (Sciurus vulgaris; 
EF222259) were available in GenBank at the time of the present 
study. Data contributed from North America were deposited in 
GenBank in 2007 from cotton rats and white-footed mice trapped 
in Oklahoma (EF620026 and EF620027, respectively) (Johnson et 
a!., 2007). Rather than sharing highest similarities with previously 
published sequences from rodents from other parts of the world, 
interestingly, rodent Hepatozoon spp. sequences collected in 
North America were most similar to those documented in a grass 
mouse (Abrothrix olivaceus) from Chile (FJ719818) (Merino et a!., 
2009) and a python from Ghana (EFI57822) (Sloboda et a!., 
2007). Additionally, the sequence obtained from the boa 
constrictor in the current study, which had observable parasites 
in a blood film, was most similar to rodent sequences collected 
from North America, and was 97.4% identical to that from a 
woodrat (Neotoma micropus) trapped in California. 
Predator-prey cycles have been documented in Hepatozoon 
spp. infecting snakes, but these cycles generally involve frog or 
lizard intermediate or paratenic hosts (Smith, 1996; Smith et a!., 
1999), although some researchers have suspected rodents' 
involvement in the natural history of certain snake Hepatozoon 
species (Sloboda et a!., 2008). The data presented in the present 
study implicate rodents as possible mammalian hosts in the 
transmission cycles of Hepatozoon spp. infecting snakes in North 
America. Unfortunately, only a single Hepatozoon sp. 18S rDNA 
sequence from a snake (EFI57822) was available in GenBank for 
comparison with our sequences; the remaining sequence data 
from snakes were ITS-I (internal transcribed spacer I) and 5.8S or 
18S sequences and did not overlap with our snake amplicon 
sequence (Smith et a!., 1999; Ujvari et a!., 2004). 
Sequences from coyotes in the present study were closest in 
identity to those previously documented in domestic dogs in 
North America. Although sequence data of H. americanum are 
available from domestic dogs only, coyotes have long been 
recognized as infected with this parasite in endemic areas (Kocan 
et a!., 1999; Garrett et a!., 2005). In I study, approximately half of 
surveyed coyotes in American canine hepatozoonosis endemic 
areas in Oklahoma harbored characteristic skeletal lesions 
indicative of H. americanum infection, and coyotes have been 
experimentally confirmed to be capable of infecting ticks (Kocan 
et a!., 1999, 2000). 
Interestingly, 2 coyotes surveyed in the present study were 
found to each harbor 2 distinct sequences of H. americanum, 
which suggests coinfections with separate, but very similar, 
organisms. Co infections of Hepatozoon species in domestic dogs 
have been documented in North America based on genetic data 
(Allen et a!., 2008; Li et a!., 2008). Thus, it is not surprising that 
coyotes would be susceptible to infection with more than I strain 
of H. americanum if multiple strains were cycling in nature in 
endemic areas. 
The Hepatozoon spp. sequence from the gray fox was most 
similar to that documented as H. canis; the latter species was not 
thought to be present in North America until 2008, after 2 
separate PCR survey studies identified infections in domestic dogs 
(Allen et a!., 2008; Li et a!., 2008). Sequence-confirmed infections 
with H. canis have been reported in foxes in other areas of the 
world (Criado-Fornelio et a!., 2006; Criado-Fornelio, Buling et 
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a!., 2007; Gimenez et a!., 2009), but this organism has not been 
previously documented in wild canids in the United States. 
Comparisons of data available in GenBank reveal that 18S rDNA 
sequences among strains of H. canis may differ by 98.6-99,8% 
(Allen et a!., 2008). The sequence from the gray fox collected in 
the present study was 98,0% identical to H. canis documented in a 
domestic dog (A Y 461378), suggesting that a Hepatozoon species, 
in addition to H. americanum, infects wild canids in North 
America. 
Although raccoons are recognized hosts of Hepatozoon 
procyoms III North America (Clark et a!., 1973; Schaffer et a!., 
1978), the present study is the first report of sequence data for 
Hepatozoon species in raccoons; the sequences from the 4 
raccoons collected from Payne County, Oklahoma, were identical, 
suggesting they are the same species. Invertebrate species 
transmitting Hepatozoon sp. to raccoons have not yet been 
identified, although raccoons are known to host Amblyomma 
americanum (Clark et a!., 1973; Pung et a!., 1994; Kollars et a!., 
2000). Interestingly, a Hepatozoon sp. sequence from a field-
collected, unfed A. americanum adult was 100% identical to the 
sequence collected from the 4 raccoons (M. Reichard, unpubl. 
data). 
Hepatozoon spp. have been documented in several wild felids, 
including lions (Panthera leo), leopards (Panthera pardus) , 
cheetahs (Acinonyxjubatus), genet cats (Genetta trigrina), ocelots 
(Felis pardalis), palm civets (Paradoxurus hermaphrodites), and 
pallas cats (Felis manu!) (Lane and Kocan, 1983; Baneth et a!., 
1998; Metzger et a!., 2008). In North America, circulating 
gametocytes of undetermined Hepatozoon species have been 
reported in bobcats and ocelots (Lane and Kocan, 1983; Mercer 
et a!., 1988). However, until the present study, no Hepatozoon sp. 
sequence data from North American wild felids have been 
deposited in GenBank. Infection with Hepatozoon spp. was first 
described in domestic cats nearly a century ago, but, as in wild 
felids, the organism(s) associated with infection is poorly 
understood (Baneth et a!., 1998; Rubini et a!., 2006; Metzger et 
a!., 2008). Aside from an isolated report in 1977 in a cat relocated 
from Hawaii to California, Hepatozoon spp. have not been 
reported in domestic cats in the United States until the present 
study (Lane and Kocan, 1983; Baneth et a!., 1998). 
Sequence data from domestic cats in other areas of the world 
are available in GenBank and are 99% or 96% identical to 
sequences documented as H. canis (Criado-Fornelio et a!., 2006; 
Criado-Fornelio, Rey-Valeiron et a!., 2007; MajlMhova et a!., 
2007; Criado-Fornelio et a!., 2009). The sequence obtained from 
the domestic cat in this study was nearly identical (99.4%) to H. 
americanum A Y86467. Some researchers speculate Hepatozoon 
species infecting cats are opportunists that take advantage of 
immunocompromised feline hosts that are otherwise resistant to 
infection (Baneth et a!., 2007). The domestic cat included in this 
study, a patient at the OSU veterinary teaching hospital, had been 
diagnosed with lymphoma and was killed prior to identification of 
a Hepatozoon spp. gamont in a blood smear. 
The paucity of information regarding Hepatozoon species 
cycling in vertebrate hosts in North America was the inspiration 
for the present collaborative study. Here, Hepatozoon spp. 
sequences were gathered from a variety of vertebrate hosts in 
the southern United States, novel vertebrate hosts of Hepatozoon 
spp. were identified, and sequences evaluated appear to support 
the existence of predator-prey cycles as previously suggested 
(Desser, 1990; Smith, 1996; Johnson et a!., 2008; Johnson, Allen et 
a!., 2009; Johnson, Panciera et a!., 2009). Genetic data collected in 
this survey contribute to the base of knowledge supporting 
research aimed at characterizing Hepatozoon species present in 
North America, although further work is needed to better 
describe those organisms found. 
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NEW SPECIES OF APLECTANA (NEMATODA: COSMOCERCIDAE) IN SPHENOMORPHUS 
PRA TTl FROM PAPUA NEW GUINEA 
Charles R. Bursey, Stephen R. Goldberg*, and Fred Kraust 
Department of Biology, Pennsylvania State University, Shenango Campus, Sharon, Pennsylvania 16146. e-mail: Gxb13@psu.edu 
ABSTRACT: Aplectana novaeguineae n. sp. (Ascaridida, Cosmocercidae) from the intestines of Sphenomorphus pratti (Squamata: 
Scincidae) is described and illustrated. Aplectana novaeguineae n. sp. represents the 48th species assigned to the genus and the 5th 
species of the genus reported from the Australo-Papuan region. It is most similar to Aplectana leesi, Aplectana linstowi, and Aplectana 
krausi in that females of only these 4 species exhibit a swollen anterior vulvar lip. These 4 species may be separated by spicule length 
and caudal papillae arrangement. Spicules of A. linstowi and A. krausi are less than 200 !Lm in length, A. leesi between 200 and 250 !J.ID, 
and A novaeguineae greater than 400 !Lm. Aplectana linstowi possesses 18 post cloacal papillae, A. leesi and A. krausi each possess 10, 
and A. novaeguineae possesses 8. In addition, Paraleptonema ranae has been assigned to Aplectana as Aplectanafujianae nom. nov. 
Sphenomorphus pratti (Boulenger, 1903) is present throughout the 
New Guinea mainland, except for the savannah areas in the south, 
and has been recorded up to 1,625 m elevation in the central 
mountain ranges of Eastern Highland Province (Mys, 1988). It also 
occurs on 3 large islands, New Britain, New Hanover, and Manus 
(Mys, 1988). Ectoparasites (paramegistid mites) have previously 
been reported from S. pratti (Goff, 1980; KJompen and Austin, 
2007), but to our knowledge there are no reports of endoparasites. 
The purpose of this paper is to provide an initial helminth list for S. 
pratti and to describe the 48th species assigned to Aplectana. 
MATERIALS AND METHODS 
Fifteen specimens of S. prattifrom the herpetology collection of the Bernice 
P. Bishop Museum (BPBM 34347-34361) were examined for helminths. The 
1izards had been collected in the Muller range, Southern Highlands Province, 
Papua New Guinea, 23 March-3 April 2009, fixed in 10% formalin, and 
stored in 70% ethanol. The body cavity of each lizard was opened by a 
longitudinal, lateral incision, and the gastrointestinal tract removed by cutting 
across the esophagus and rectum. The stomach, small intestine, and large 
intestine were searched separately using a dissecting microscope. Only 
nematodes were found; they were placed on a glass slide, cleared in 
lactophenol, and examined using a light microscope. Illustrations were made 
with the aid of a microprojector. Measurements are given in micrometers 
(unless otherwise stated) as mean ± I SD with range in parentheses. 
RESULTS 
Three thousand eight hundred and six individuals, representing 
a new species of Aplectana, were found. All 15 lizards harbored 
nematodes (mean intensity = 254 ± 168, range 80-590). Selected 
helminths were deposited in the United States National Parasite 
Collection (USNPC), Beltsville, Maryland. A description of the 
new species follows. 
DESCRIPTION 
Aplectana novaeguineae n. sp. 
(Figs. 1-10) 
General: Cosmocercoidea Railliet, 1916, Cosmocercidae Travassos, 
1925, Aplectana Railliet and Henry, 1916. Small, slender nematodes; 
females of slightly greater length than males. Cuticle with discontinuous 
microridges, which, depending on microscope focus, may appear as 
transverse or longitudinal striations. Mouth triangular, 3 lips, approxi-
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mately 20 in length, each with a cuticular flap on anterior edge. Dorsal lip 
with 2 papillae, each ventrolateral lip with I ventrally situated papilla and 
I laterally situated amphid. Narrow lateral alae beginning near base of lip, 
ending on tail in both males and females. Esophagus divided into short 
anterior pharyngeal portion, elongate corpus, short isthmus, and valved 
bulb. Excretory pore slightly anterior of esophageal bulb. Sessile somatic 
papillae absent. Posterior third of male often in a single, tight coil. 
Male (based on holotype and 11 paratypes): Length 1.98 ± 0.2 mm 
(1.66-2.43 mm), width at midbody 113 ± 14 (92-140). Total length of 
esophagus 513 ± 34 (459-574); pharynx 37 ± 4 (31-43) long, esophageal 
corpus 337 ± 27 (288-390) long, isthmus 31 ± 5 (24-37) long, bulb 75 ± 5 
(67-85) long, 73 ± 5 (64-82) wide. Nerve ring 203 ± 13 (183-233) and 
excretory pore 399 ± 47 (306-485) from anterior end. Anus 94 ± 12 (79-
110) from posterior end. Tail conical, typically bent ventrally, producing a 
shallow depression around cloaca. Testis flexed at midbody. Spicules 
robust, equal in length, 449 ± 28 (408-485) long; capitulum with knob, 
sharply pointed distal extremity; gubernaculum 94 ± 11 (73-104) long, 
ovate in shape. Nine pairs of caudal papillae: 5 pairs of precloacal, 2 pairs 
of large marnmiliform papillae, I pair approximately 60 anterior of cloaca, 
I pair approximately 180 anterior of cloaca, 3 pairs of short papillae 
evenly spaced between cloaca and large papillae; 4 pairs post-cloacal 
papillae, I pair near middle of tail, dorsolateral in position, 3 pairs near tip 
of tail, I pair dorsal, 2 pairs ventral; plus I unpaired papilla on midline of 
anterior cloacal lip. Phasmids in posterior third of tail. 
Female (based on allotype and 11 paratypes): Length 2.32 ± 0.33 mm 
(1.92-3.01 mm), width at vulva 214 ± 45 (166-306). Total length of 
esophagus 573 ± 38 (510-638); pharynx 43 ± 5 (37-49) long, esophageal 
corpus 389 ± 39 (317-433) long, isthmus 32 ± 4 (27-37) long, bulb 95 ± 
14 (79-122) long, 95 ± 13 (79-122) wide. Nerve ring 226 ± 12 (201-238), 
excretory pore 445 ± 35 (383-484), and vulva 1.50 ± 0.15 mm (1.28-1.79) 
mm) from anterior end. Anterior lip of vulva prolonged to form flap; 
copulatory plug present, yellowish brown in color, easily seen with low-
power magnification. Muscular ovijector directed anteriorly, approxi-
mately 120 in length, folding back upon itself, joining 2 uteri near level of 
vulva. Uteri flexed anteriorly before reaching anal region. Ovaries directed 
cephalad, both lie anterior to vulva. Eggs thin shelled in various stages of 
development; freed larvae present in uterus, viviparous. Anus 117 ± 10 
(98-134) from posterior end; tail conical. Phasmids at mid-point of tail. 
Taxonomic summary 
Type host: No common name, Sphenomorphus pratti (Boulenger, 1903). 
Symbiotype, BPBM 34352, collected 28 March 2009; 1,346 m elevation. 
Type locality: East slope Mt. ltokama, Muller Range (5°39'S, 
142°38'E), Southern Highlands Province, Papua New Guinea. 
Site of infection: Large intestine. 
Type specimen: Holotype male, USNPC 103899; allotype female, USNPC 
103900; paratypes, USNPC 103901; voucher specimens, USNPC 103902. 
Etymology: The new species is named for the country of collection. 
Remarks 
Five species of Aplectana have now been reported from the Australo-
Papuan region (Table I), i.e., Aplectana macintoshii, Aplectana novaeze-
landiae, Aplectana zweiJeli, Aplectana krausi, and the new species, 
Aplectana novaeguineae. Aplectana novaeguineae is easily separated from 
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FIGURES 1-10. Aplectana novaeguineae n. sp. (I) Female, entire, lateral view. (2) Male, entire, lateral view. (3) Female, anterior end, dorsal view. (4) 
Female, en face view. (5) Egg. (6) Egg with embryo. (7) Female, posterior end, lateral view. (8) Male, gubernaculum and spicules. (9) Male, posterior end, 
ventral view (diagrammatic). (10) Male, posterior end, lateral view. 
'" TABLE 1. Nominal species of Aplectana. (J1 
'" 
Male characters Female characters 
-j 
I 
m 
Length Spicule Gubernaculum Caudal papillae Length Vulva from Tail c-O 
Aplectana spp. (mm) (11m) (11m) pre:ad:post anal (mm) anterior (mm) Vulva (11m) c :rJ 
Z 
>-
Australo-Papuan Region r 
0 
A. krausi Bursey and Goldberg, 2007 2.2-2.9 159-183 76-98 10:2:10 2.6-3.7 1.8-2.6 Bulbous anterior lip, 134-164 " 
-0 
copulatory plug >-:rJ 
A. novaeguineae n. sp. 1.7-2.4 408-485 73-104 8:0:8 1.9-3.0 1.3-1.8 Elongate anterior lip; 98-134 >-(IJ 
copulatory plug :::::j 0 
A. novaezelandiae Baker and Green, 1988 1.7-2.0 103-123 25-30 Variable 1.8-3.5 1.1-2.0 Non-salient 112-143 r 0 
A. zweifeli Moravec and Say, 1986 1.7-2.2 450-456 96-105 17-21:0:18 2.2-3.6 1.9-2.3 Non-salient 141-150 Gl ::< 
Ethiopian Region < 0 
A. brygooi Baker, 1980 1.4-3.0 147-249 35-51 17:0:12-14 2.5-3.8 1.7-2.6 Non-salient 
r 
132-163 ill 
A. capensis Baker, 1981 2.7 203-231 35-40 Variable 6.4-9.6 3.2-5.2 Non-salient 575-637 0 ..... 
A. chamaeleonis (Baylis, 1929) Travassos, 1931 3.0-3.6 190-220 50-85 17-25:2:12 3.7-4.2 2.5-2.8 Non-salient 150-207 z <:) 
= Oxysomatium chamaeleonis Baylis, 1929 oJ,>. 
A. courdurieri Chabaud and Brygoo, 1958 4.5 365 50 15:2:12 6.8-12.2 4.0-7.3 Non-salient 640-1050 >-c 
A. degraaffi Baker, 1981 3.6-4.6 173-213 60-78 15-17:0:12 3.8-5.1 2.5-3.3 Non-salient 150-243 Gl c 
A. hylambatis (Baylis, 1927) Travassos, 1931 * 2.6-5.0 260-350 90-116 17:2:12 3.2-6.3 2.1-4.2 With 2-3 mamelon 209-273 (IJ -j 
protuberances t\) ~ 
= Oxysomatium hylambatis Baylis, 1927 
= Oxysomatium bonariensis Gutierrez, 1945 
= Aplectana pudenda Masi Pallares and Maciel, 1974 
A. praeputialis (Skrjabin, 1916) Travassos, 1931 1.5-2.2 220-270 Absent Variable 3.0-4.5 1.5-2.2 Non-salient 280-320 
= Oxyuris praeputialis Skrjabin, 1916 
A. vercammeni Le Van Hoa, 1962 2.3 240-250 Absent 16:0:24 8.0 5.3 Non-salient 300 
Neotropical Region 
A. adaechevarriae Ramallo, Bursey, and Goldberg, 2008 2.2-3.5 250-310 100 16:2:12 3.4-5.2 2.3-2.7 With 3 mamelon 200-300 
protuberances 
A. albae Adamson and Baccam, 1988 1.9-3.8 57-63 41-49 13-15:2:10 2.9-4.3 2.0-2.9 Non-salient 106-164 
A. artigasi Puga and Torres, 1997 3.0-4.0 322-364 Absent 29:2:20-28 3.8-6.0 2.3-3.3 Non-salient 690-952 
A. chilensis Lent and Freitas, 1948 2.3-2.7 260-410 Absent 24:0:12 3.3-3.4 1.6 Non-salient 640-670 
A. crossodactyli Baker, 1980 2.8-3.7 130-140 Absent 41:0:10 3.4-5.3 2.1-2.66 Non-salient 310-330 
= Neyraplectana travassosi Vicente and Santos, 1970 
A. crucifer Travassos, 1925 330 Absent 12:2:8 4.2 2.1 Non-salient 560 
A. delirae (Fabio, 1971) Baker, 1980 4.0-4.1 3.8-4.6 2.0-2.5 Non-salient 350-390 
= Neyraplectana delirae Fabio, 1971 
A. elenae Baker and Vaucher, 1986 1.5-2.6 97-116 28-43 17:2:10 2.1-3.6 1.2-1.9 Non-salient 238-371 
A. hamatospicula Walton, 1940 2.1-3.0 236-245 70-72 9:0:14 3.4-4.2 2.4-2.9 Non-salient 162-220 
A. herediaensis Bursey, Goldberg and Telford, 2006 2.3-2.8 67-79 43-52 19:0:6 2.9-3.3 2.0-2.3 Weakly protruding 128-165 
Aplectana incerta Caballero, 1949t 2.3-2.5 135-143 52-63 10:0:8 2.7-3.9 1.8-2.5 Non-salient 188-250 
Apletana itzocanensis Bravo Hollis, 1943t 2.2-3.7 172-203 67-80 10:0:12 3.4-6.9 2.4-4.4 Non-salient; 254-359 
= Aplectana hoffmani Bravo Hollis, 1943 papillae present 
(Table I continued) 
TABLE I. Continued. 
Aplectana spp. 
A. lopesi Silva, 1955 
A. membranosa (Schneider, 1866) Miranda, 1924 
= Leptodera membranosa Schneider, 1866 
A. meridionalis Lent and Freitas, 1948 
A. mexicana (Caballero, 1933) Ballesteros-Marquez, 1945 
= Oxysomatium mexicanum Caballero, 1933 
A. micropenis Travassos, 1925 
A. papillifera (Araujo, 1977) Baker, 1980 
= Neyraplectana papillifera Araujo, 1977 
A. paraelenae Baker and Vaucher, 1986 
A. pusilla Miranda, 1924 
A. raillieti Travassos, 1925 
A. rkysavyi Barus and Coy Otero, 1969 
A. tarija Ramallo, Bursey, and Goldberg, 2007 
A. travassoi (Gomes and Motta, 1967) Baker, 1980 
= Freitasoxyascaris travassosi Gomes and Motta, 1967 
A. tucumanensis Ramallo, Bursey, and Goldberg, 2008 
A. vellardi Travassos, 1926 
Oriental Region 
Length 
(mm) 
3.28 
2.0-2.6 
2.3-2.6 
2.5 
2.5 
4.4-5.2 
2.1 
2.0 
2.1 
3.4 
3.0-3.1 
2.3-3.2 
2.1-3.0 
3.5 
A. akhrami (Islam, Farooq, and Khanum, 1979) Baker 1987 1.8-3.4 
= Neosomatiana akhrami Islam, Farooq, and Khanum, 1979 
A. macintoshii (Stewart, 1914) Tavassos, 1931t 1.2-2.6 
= Oxysoma macintoshii Stewart, 1914 
= Aplectana agubernaculum Gupta, 1960 
= Aplectana asiatica Gupta, 1960 
= Oxysomatium anuae Biswas and Chaturvedi, 1963 
= Oxysomatium stomatici Biswas and Chaturvedi, 1963 
= Oxysomatium bevispiculum Yuen, 1965 
= Neoxysomatium longicaudatum Ali and Ilyas, 1969 
= Oxysomatium punctatum Walton, 1933 
= Aplectana schneideri Travassos, 1931 
= Aplectana stromi Travassos, 1931 
= Aplectana varelai Rodrigues, Rodrigues, and Cristofaro, 1972 
= Oxysomatium minutum Rasheed, 1965 
= Oxysomatium macintoshii kirtipuri Singh, 1969 
= Oxysomatium mehdii Ilyas, 1980 
= Neyraplectana ranae Wang, Zhao, and Chen, 1978 
= Neoraillietnema ranae Wang, 1980 
= Oxysomatium mehdii Ilyas, 1980 
= Nematoxys commutatus Rudolphi sensu Schneider 1866 
= Ascaris commutata Diesing, 1851 sensu Claparede, 1859 
= Raillietnema praeputiale (Skjabin, 1916) sensu Semenov, 1929 
Male characters 
Spicule Gubernaculum Caudal papillae 
(~) (~) pre:ad:post anal 
150 34 36:6:14 
227-234 71-80 7:4:8 
130-136 Absent 14:4:10 
200 56 6:0:10 
60 10 8:0:2 
400 Absent 21:2:16 
227 53 7:4:12 
110 49 0:0:2 
230 32 17:0:10 
720 110 14:4:8 
110-120 Absent 3:0:8 
230-320 70-80 6:2:8 
100 40 18:2:12 
169-192 12 8:0:12 
150-180 Absent 16:0:12 
138-320 22-90 Variable 
Length 
(mm) 
10.2-11.1 
2.4-3.5 
3.4-4.0 
2.8-3.0 
5.9-8.5 
2.4-3.6 
2.6 
5.7 
4.4-5.3 
4.7-5.8 
2.9-3.5 
3.0-4.5 
4.3 
3.1-3.6 
2.4-6.7 
Female characters 
Vulva from Tail 
anterior (mm) Vulva (~m) 
3.3-3.8 Non-salient 109-113 
1.6-2.3 Non-salient 200-210 
1.8-2.0 Non-salient 320-350 
1.9-2.1 Non-salient 145 
Median Non-salient 510 
3.5-5.0 Non-salient 332-380 
1.4-2.0 Non-salient 278-327 
1.6 Non-salient 170 
Median Non-salient 350 
2.7-3.0 Non-salient 230-260 
2.7-3.3 Non-salient 270-400 
2.0-2.4 Weakly protruding 140-230 
1.9-3.3 Non-salient 170-200 
Median Non-salient 400 
0.9-1.1 Non-salient 160 
1.2-4.1 Non-salient 337-494 
(Table I continued) 
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TABLE 1. Continued. z }> 
r 
0 
"Tl 
Male characters Female characters -0 }> 
:IJ 
Length Spicule Gubernaculum Caudal papillae Length Vulva from Tail }> (IJ 
Aplectana spp. (mm) (/lID) (/lID) pre:ad:post anal (mm) anterior (mm) Vulva (11m) :::::j 0 
r 
= Neoaillietnema praeputiale (Skjabin, 1916) sensu Kozak, 1969 0 Gl 
= Aplectana acuminata (Schank, 1788) sensu Hatwich, 1975 .-< 
< 
A. ranae (Walton, 1931) Baker, 1980 2.5 160 25 12:4:4-6 3.8 1.6 Non-salient 100 0 , 
= Oxysmatium ranae Walton, 1931 (0 
....... 
Palaearctic Region z 0 
A. acuminata (Schrank, 1788) Railliet and Henry, 1916 4.0-4.8 295-383 89-118 Variable 4.0-5.1 1.9-2.4 Non-salient 510-920 !'-
= Ascaris acuminata Schrank, 1788 }> 
c 
= Aplectana multipapillosa Ivanitzky, 1940 Gl 
c 
= Spinicauda mathevossinae Skarbilovich, 1950 (IJ 
--l 
= Oxysomatium srinagarensis Fotedar, 1960 f\) 
0 
= Aplectana caucasica Sharpilo, 1978 ~ 
A. brumpti Travassos, 1931 2.5 205 77 25-31:2:10 2.9-3.4 1.9-2.2 Non-salient 238-270 
= Aplectana miranda Ivanitzky, 1940 
= Aplectana corti Lopez-Neyra, 1947 
= Aplectana ivanitzkyi Markov, Khonyakina, 
and Grivor'eva, 1972 
A. hylae Wang, 1980 1.6--2.0 180-192 56--60 0:0:6 2.9-3.2 1.8-2.0 Non-salient 320-352 
A. leesi Hristovski and Riggio, 1975 4.4-5.5 216--247 53-72 21-27:2:10 6.7-12.2 4.2-7.6 Wollen anterior lip 284-353 
A. linstowi York and Maplestone, 1926 2.5-2.9 175-204 53-55 21-25:0:18 3.6-4.5 2.2-2.8 Extremely swollen 250-260 
anterior lip 
= Nematoxys unguiculatus Linstow, 1906 
= Aplectana kutassi Ivanitzky, 1940 
= Aplectana brumpti Travassos, 1931, sensu Frandsen, 1974 
A. paucipapillosa Wang, 1980 2.4-2.5 120-122 70 6:0:8 2.8-4.2 1.8-2.2 Non-salient 432-480 
A. fujianae nom. nov. 3.1 304 68 2:0:12 3.3 1.7 Non-salient 240 
= Paraleptonema ranae Wang, 1980 
• A. hylambatis also known from the Neotropical region. 
t A. incerta and A. itzocanensis also known from the Nearctic region. 
t A. macintoshii also known from Australo-Papuan, Ethiopian, NeotropicaI, and PaIaearctic regions. 
TABLE II. Species reassigned or of uncertain status. 
Category 
Genus reassignment 
Cosmocercoides dukae (Holl, 1928) Travassos, 1921 
= Aplectana americana Walton, 1929 
= Aplectana lynae Kennedy, 1977 
Maxvachoniaflindersi (Johnston and Mawson, 1941) Mawson, 1972 
= Aplectanaflindersi Johnston and Mawson, 1941 
Megalobatrachonema gigantica (Olsen, 1938) Baker, 1980 
= Aplectana gigantica Olsen, 1938 
Moaciria icosiensis (Seurat, 1917) Freitas, 1956 
= Aplectana pharyngeodentata Belle, 1957 
Raillietnema longicaudata (Walton, 1929) Baker, 1985 
= Aplectana longicaudata Walton, 1929 
Species inquirendae 
Aplectana congolense Schuurmans-Stekhoven, 1937 
Aplectana dubia (Leidy, 1856) Travassos, 1931 
= Oxyuris dubia Leidy, 1856 
Aplectana foecunda (Rudolphi, 1819) York and Maplestone, 1926 
= Ascarisfoecunda Rudolphi, 1819 
Aplectana fusijorme Savazzini, 1928 
Aplectana perezi (Gendre, 1911) Yorke and Maplestone, 1926 
= Oxysoma perezi Gendre, 1911 
Aplectana unguiculata (Rudolphi, 1819) Miranda, 1924 
= Ascaris unguiculata Rudolphi, 1819 
Species incertae sedis 
Aplectana cubana Barus, 1972 
Aplectana pintoi Travassos, 1925 
Aplectana waltoni (Skrjabin and Schikhovbalova, 1951) 
Skrjabin, Schikhobalova, and Lagodovskaya, 1961 
= Aplectana mexicana Walton, 1940 
Nomen Nudum 
Stewartia chabaudi Rao, 1977 
the other 4 species by the distribution pattern of male caudal papillae and 
morphology of the anterior lip of the \(ulva. Males of A. macintoshii and 
A. novaezelandiae have irregular patterns of caudal papillae; A. krausi, A. 
novaeguineae, and A. zweijeli have defined patterns (Table I). However, 
the 2 pairs of large mammiliform papillae are a unique key character for 
A. novaeguineae. Females of A. macintoshii, A. novaezelandiae, and A. 
zweijeli have non-salient vulvas; A. krausi and A. novaeguineae have 
protruding anterior lips. The vulvar anterior lip of A. krausi is bulbous, 
that of A. novaeguineae is a flap-like cover. 
DISCUSSION 
The Cosmocercidae currently contains 3 subfamilies, which are 
primarily parasitic in amphibians and reptiles, i.e., Cosmocercinae 
Railliet, 1916, Austraplectaninae Baker, 1981, and Maxvachonii-
nae Chabaud and Brygoo, 1960. Nine genera are assigned to the 
Cosmocercinae: Aplectana Railliet and Henry, 1916; Cosmocerca 
Diesing, 1861; Cosmocercella Steiner, 1924; Cosmocercoides 
Wilkie, 1930; Neocosmocercella Baker and Vaucher, 1983; 
Oxyasacaris Travassos, 1920; Oxysomatium Railliet and Henry, 
1916; Paradollfusnema Baker, 1982; Raillietnema Travassos, 1927. 
Of these, males of Cosmocerca spp. possess plectanes and 
Cosmocercoides spp. possess rosette papillae, while species of 
Cosmocercella and Neocosmocercella possess vesiculated papillae. 
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Plectanes present 
P1ectanes present 
Reason 
Vulva near esophageal bulb 
Pedunculate cephalic papillae 
Central sucker present 
Short ovaries 
Insufficiently described 
Insufficiently described 
Insufficiently described 
Insufficiently described 
Insufficiently described 
Insufficiently described 
Males unknown 
Females unknown 
Females unknown 
No description; Stewardia synonym of Aplectana 
Males assigned to the other genera possess short mammiliform 
papillae. Males and females of Paradollfusnema spp. possess 
interlabia between the cephalic lips. Females of Raillietnema spp. 
have short ovaries and unusually large eggs. Species of Aplectana, 
Oxyascaris, and Oxysomatium are quite similar to one another, 
although Oxyascaris spp. exhibit significant sexual dimorphism 
(females twice the length of males), whereas species of Aplectana 
and Oxysomatium exhibit little sexual dimorphism in size. The 3 
genera are distinguished on the basis of uterus and ovary 
positions. In Aplectana spp., although I uterus extends anterior 
of the vulva, both ovaries are anterior to the vulva. In species of 
Oxysomatium, the ovary connected to the anterior uterus (which 
lies anterior to the vulva) is posterior to the vulva, while in 
Oxyascaris spp. both uteri lie posterior to the vulva. 
Aplectana has had a somewhat turbulent taxonomic history. 
During a revision of oxyurid nematodes, Railliet and Henry 
(1916) erected Aplecta to contain those forms originally assigned 
to Cosmocerca that lacked plectanes, choosing Ascaris acuminata 
Schrank, 1788, as the type species. However, Aplccta was found to 
be preoccupied and Railliet (1916) proposed a change to 
Aplectana. Miranda (1924) reassigned 2 species, Leptodera 
membranosa Schneider, 1866, and Ascaris unguiculata Rudolphi, 
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1819, to Aplectana and described a 4th species, Aplectana pusilla 
Miranda, 1924. Travassos (1925a) described 3 species, Aplectana 
crucifer Travassos, 1925, Aplectana micropenis Travassos, 1925, 
and Aplectana pintoi Travassos, 1925, and, in a second paper 
(1925b), described the 8th species, Aplectana raillieti Travassos, 
1925. The following year, Travassos (1926) added the 9th species, 
Aplectana vellardi Travassos, 1926, and York and Map1estone 
(1926) transferred to Aplectana 4 previously described species, i.e., 
Ascaris foecunda Rudo1phi, 1819, Oxysoma perezi Gendre, 1911, 
Oxysomatium dogieli Skrjabin, 1916, and Nematoxys unguiculatus 
Linstow, 1906, under a new name, Aplectana linstowi York and 
Map1estone, 1926, to avoid creating a homonym with A. 
unquiculata (Rudo1phi, 1819) Miranda, 1924. 
Travassos (1931) published the first comprehensive review of 
the Cosmocercidae and accepted the 13 species then assigned to 
Aplectana, but also transferred 6 additional species to the genus, 
i.e., Oxyuris dubia Leidy, 1856, Oxysoma macintoshii Stewart, 
1914, Oxyuris preputialis Skrjabin, 1916, Oxysomatium chamae-
leon is Baylis, 1929, and described 3 new species, i.e., Aplectana 
brumpti Travassos, 1931, Aplectana schneideri Travassos, 1931, 
and Aplectana stromi Travassos, 1931. Walton (1940) described 
Aplectana mexicana Walton, 1940, based only on male individuals 
and Aplectana hamatospicula Walton, 1940. Bravo Hollis (1943) 
described Aplectana hoffmanni Bravo Hollis, 1943, and Aplectana 
itzocanensis Bravo Hollis, 1943. Thus, by 1945, 26 species had 
been assigned to the genus. 
Ballesteros-Marquez (1945) published the second major review 
of the Cosmocercidae, listing 18 valid species for Aplectana, and 
reassigning A. praeputialis to the new genus Neoraillietnema, and 
A. crucifer, A. linstowi, A. pintoi, A. schneideri, and A. vellardi to 
the new genus Neyraplectana; he demoted A. stromi to incertae 
sedis. Neither Le Van Hoa (1962) nor Chabaud (1978) accepted 
the validity of Neoraillietnema. Baker (1980) revised Aplectana, by 
describing Aplectana brygooi Baker, 1980, assigning Oxysomatium 
ranae Walton, 1931, to the genus, redescribing 10 Old World 
species, listing 21 New World species, indicating 4 species incertae 
sedis, and excluding 10 species, for a total of 33 species. Baker 
(1987) expanded the species list to 39 and provided synonymies; 
although he placed Paraleptonema in synonymy with Aplectana, 
he did not rename Paraleptonema ranae Wang, 1980. Nominal 
species of Aplectana are listed in Table I; we have assigned 
Paraleptonema ranae to Aplectana, utilizing the new name 
Aplectana fujianae to avoid creating a homonym with Aplectana 
ranae (Walton, 1931) Baker, 1980. The dispositions of species 
originally assigned to Aplectana are listed in Table II. 
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PHYLOGENETIC AFFINITIES OF AURICULOSTOMA (DIGENEA: ALLOCREADIIDAE), WITH 
DESCRIPTIONS OF TWO NEW SPECIES FROM PERU 
Stephen S. Curran, Vasyl V. Tkach*t, and Robin M. Overstreet 
Department of Coastal Sciences, The University of South em Mississippi, 703 East Beach Drive, Ocean Springs, Mississippi 39564. e-mail: 
stephen. Gurran@usm.edu 
ABSTRACT: Two new allocreadiid trematodes are described from the intestine of characid fishes from Rio Itaya, a tributary of the 
Amazon River near Iquitos, Peru, Auriculostoma foliaceum n, sp. is described from Bryconops cf. caudomaculatus (Gunther, 1864) 
Backup, 2003, and Auriculostoma diagonale n. sp. from Stethaprion cf. erythrops Cope, 1870. Auriculostoma foliaceum n. sp. differs 
from its congeners by having a foliated lateral margin and lacking vitelline follicles in the forebody. Auriculostoma diagonale n. sp. 
differs from all of its congeners except Auriculostoma platense (Szidat, 1954) Scholz, Aguirre-Macedo, and Choudhury, 2004, by having 
oblique rather than tandem testes and differs from A. pia tense by having a much more elongated cirrus sac. Phylogenetic hypotheses 
based on analyses of 3 alignments of partial sequences of the 28S rDNA gene conducted in this study provide a framework for 
revaluating the classification of Allocreadiidae Looss, 1902. The present analyses show that (1) Paracreptotrematina limi Amin and 
Myer, 1982, does not belong in the Allocreadiidae; (2) Creptotrematina aguirrepequenoi Jimenez-Guzm{m, 1973 (spelled here without 
diacritic mark), does not belong to Paracreptotrematina Amin and Myer, 1982, but remains in the Allocreadiidae; (3) Auriculostoma 
astyanace Scholz, Aguirre-Macedo, and Choudhury, 2004, is closely related to C. aguirrepequenoi and Wallinia chavarriae Choudhury, 
Hartvigsen-Daverdin, and Brooks, 2002; (4) Megalogonia Surber, 1928, is retained as an accepted genus in the Allocreadiidae; and (5) 
Margotrema Lamothe-Argumedo, 1970, is found to be nested among 3 species of Crepidostomum Braun, 1900. 
Auriculostoma Scholz, Aguirre-Macedo, and Choudhury, 2004, 
was erected for 4 allocreadiid species having a funnel-shaped oral 
sucker surmounted by 2 muscular ventrolateral lobes and 2 
prominent auricular-shaped muscular dorsolateral lobes. Auricu-
lostoma astyanace Scholz, Aguirre-Macedo, and Choudhury, 2004 
was designated as the type species for the genus. These authors 
also transferred 3 South American species to the genus that were 
previously included in Crepidostomum Braun, 1900, i.e., Auricu-
lostoma platense (Szidat, 1954) Scholz, Aguirre-Macedo, and 
Choudhury, 2004; Auriculostoma macrorchis (Szidat, 1954) 
Scholz, Aguirre-Macedo, and Choudhury, 2004; and Auriculo-
stoma stenopteri (Mane-Garzon and Gascon, 1973) Scholz, 
Aguirre-Macedo, and Choudhury, 2004. Auriculostoma astyanace 
was described from Astyanax Jasciatus (Cuvier, 1819) Backup, 
2003, in Nicaragua (Scholz et al., 2004). Auriculostoma platense 
occurs in Pimelodus blochii Valenciennes, 1840; Iheringichthys 
labrosus (Liitken, 1874) Burgess, 1989; and Rhinodoras dorbignyi 
(Kner, 1855) Sabaj and Ferraris, 2003, in Argentina (Szidat, 
1954). Auriculostoma macrorchis occurs in Pachyurus bonariensis 
Steindachner, 1879; Ageneiosus inermis (Linnaeus, 1766) Ferraris, 
2003; Auchenipterus nuchalis (Spix and Agassiz, 1829) Ferraris, 
2003; and Auchenipterus nigripinnis (Boulenger, 1895) Ferraris 
and Vari, 1999 in Argentina (Szidat, 1954; Hamann, 1988). 
Auriculostoma stenopteri occurs in Charax stenopterus (Cope, 
1894) Lucena and Menezes, 2003, in Uruguay (Mane-Garzon and 
Gascon, 1973). 
While collecting digenean trematodes in Peru in 2001, we 
collected specimens representing 2 previously undescribed species 
belonging in Auriculostoma. Here, the new species are described 
and compared with previously known species in the genus. 
Phylogenetic analyses are conducted using partial 28S ribosomal 
DNA gene sequences from various digenean genera belonging to 
the Xiphidiata Olson, Cribb, Tkach, Bray, and Littlewood, 2003. 
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The phylogenetic pOSitIOn of Auriculostoma is discussed, and 
some modifications to the classification of the Allocreadiidae 
Looss, 1902, and its constituent genera are proposed. 
MATERIALS AND METHODS 
Two previously unknown species of Auriculostoma were collected from 
characid fishes from a single locality on Rio Itaya, a tributary of the 
Amazon River in Department of Loreto, Provincia de Mayas, near 
Iquitos, Peru, in August 2001. One specimen of Bryconops cf. caudoma-
culatus (Gunther, 1864) Backup, 2003 (Characiformes: Characidae), 
hosted a single specimen of I species, and a single specimen of Stethaprion 
cf. erythrops Cope, 1870 (Characiformes: Characidae), hosted 3 specimens 
of the second species. A small portion of the posterior end of 1 specimen of 
the second species was excised and placed in 95% ethanol for DNA 
extraction. The remaining specimens were killed with hot water and 
immediately transferred to 10% neutral buffered formalin solution and 
stored. Specimens stored in 10% neutral formalin solution were stained 
and mounted on glass slides following the protocol of Curran et al. (2007). 
Illustrations were prepared using a drawing tube. Measurements are given 
in micrometers. Measurements are given from the holotype for the first 
species, which is described based on 1 specimen, and as a range from the 
type series for the second species (based on 3 specimens). 
We constructed molecular phylogenies of xiphidiatan genera based on 
partial sequences of the 28S rDNA gene to assess the positions of various 
allocreadiids and species provisionally placed within the Allocreadiidae, 
Material for these phylogenies was obtained by collecting digeneans from 
various locations between 2001 and 2009 and from sequences available in 
GenBank. Collected material was placed while live in 95% ethanol for 
DNA extraction, and representative specimens were identified and used as 
vouchers for the sequences. 
Genomic DNA was extracted from single ethanol-fixed specimens 
following the protocol of Tkach and Pawlowski (1999) or using a Qiagen 
DNEasy extraction kit (Qiagen Inc., Valencia, California). A fragment of 
nuclear rDNA at the 5' end of the nuclear 28S RNA gene including 
variable domains DI-D3 was amplified from each DNA sample by 
polymerase chain reaction (PCR) on an Applied Biosystems ABI Prism 
3100 automated capillary sequencer (Applied Biosystem, Carlsbad, 
California) following PCR reaction protocols described by Tkach et al. 
(2003). The reactions used the forward primer digl2 (5'-AAGCATAT-
CACTAAGCGG-3') and the reverse primer 1500R (5'-GCTATCCT-
GAGGGAAACTTCG-3'). PCR primers and additional forward and 
reverse internal primers were used for sequencing. Internal forward 
primers used were 300F (5'-CAAGTACCGTGAGGGAAAGTTG-3') 
and 900F (5'-CCGTCTIGAAACACGGACCAAG-3'). Internal reverse 
primers used were 300R (5'-CAACTTTCCCTCACGGTACTIG-3') and 
ECD2 (5 '-CTTGGTCCGTGTTTCAAGACGGG-3'). Each obtained 
sequence was approximately 1,400 bases long. Contiguous sequences were 
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assembled and edited using Sequencher version 4.9 (GeneCodes Corp., 
Ann Arbor, Michigan), and edited further using BioEdit version 7,0.5 
(Tom Hall, Ibis Therapeutics, Carlsbad, California), Partial sequences of 
the 28S rDNA gene were deposited in GenBank with associated vouchers 
deposited in the U,S. Parasite Collection in Beltsville, Maryland 
(USNPC). 
New sequences used in this study are from the following digenean 
species with their family, hosts, collection locality, GenBank accession 
number, and USNPC voucher accession number where appropriate: 
Auriculostoma astyanace (Allocreadiidae) from Astyanax aeneus (Giinther, 
1860) Greenfield and Thomerson, 1997, from Rio Animas, Guanacaste, 
Costa Rica (1l002'59"N, 85°35'1l"W), HQ833707, USNPC No. 104250; 
Bunodera sp, (Allocreadiidae) from Percajlavescens (Mitchell, 1814) Page 
and Burr, 1991, from Steamboat Lake, Cass County, Minnesota 
(47" 15'52"N, 94°39'45"W), HQ833704 (our specimens were genetically 
identical to a form identified as Bunodera luciopercae [Miiller, 1876] Stils 
and Hassal, 1898, by Platta and Choudhury [2006]), USNPC No. 104276; 
Crepidostomum illinoiense Faust, 1918 (Allocreadiidae), from Hiodon 
alosoides (Rafinesque, 1819) Scott and Crossman, 1973, from Red Lake 
River, Polk County, Minnesota (47°55'26"N, 97°00'52"W), HQ833705, 
USNPC Nos. 104255-104256; Creptotrematina aguirrepequenoi Jimenez-
Guzman, 1973, spelled without diacritic mark (Allocreadiidae) from A. 
aeneus from Rio Tempisquito, Guanacaste, Costa Rica (10047'21"N, 
85°33'03"W) HQ833708-HQ833710, USNPC Nos, 104251-104252; Para-
creptotrematina limi Amin and Myer, 1982 (family undetermined), from 
Umbra limi (Kirtland, 1840) Page and Burr, 1991, purchased at a bait shop 
in Grand Forks, North Dakota, HQ8333706 (single photographed 
specimen genetically identical to form identified as P. limi by Platta and 
Choudhury [2006]); and Wallinia chavarriae Choudhury, Hartvigsen-
Daverdin, and Brooks, 2002 (Allocreadiidae), from A. aeneus from Rio 
Animas, Guanacaste, Costa Rica (1l002'59"N, 85°35'11"W), HQ833703, 
USNPC Nos. 104253-104254. 
Sequences obtained from GenBank and used in the present analyses are 
listed as follows: Allocreadium lobatum Wallin, 1909 (Allocreadiidae) 
(EF032693); Auridistomum chelydrae (Stafford, 1900) Stafford, 1905 
(Auridistomidae Stunkard, 1924) (A YI16872); Brachylecithum lobatum 
(RaiIliet, 1900) Shtrom, 1940 (Dicrocoeliidae Looss, 1899) (AY222144); 
Crepidostomum cooperi Hopkins, 1931 (Allocreadiidae) (EF202908); 
Crepidostomum cornutum (Osborn, 1903) Stafford, 1904 (Allocreadiidae) 
(EF032695); Culuwiya sp. (Haploporidae Nicoll, 1914) (EF032696); 
Dicrocoelium dendriticum (Rudolphi, 1819) Odhner, 1910 (Dicrocoeliidae) 
(AFI51939); Diplomonorchis leiostomi Hopkins, 1941 (Monorchiidae 
Odhner, 1911) (A Y222252); Encyclometra colubrimurorum (Rudolphi, 
1819) DolIfus, 1929 (Encyclometridae Mehra, 1931) (AFI84254); Gorgo-
dera cygnoides (Zeder, 1800) Looss, 1899 (Gorgoderidae Looss, 1899) 
(AFI51938); Haploporus benedeni (Stossich, 1887) Looss, 1902 (Haplo-
poridae) (FJ211237); Lissorchis kritskyi Barnhart and Powell, 1979 
(Lissorchiidae Magath, 1917) (EF032689); Lyperosomum transcarpathicus 
Bychovskaja-Pavlovskaja, Vysotskaja, and Kulakova, 1978 (Dicrocoelii-
dae) (AFI51943); Margotrema bravoae Lamothe-Argumedo, 1970 (Allo-
creadiidae) (DQ991917); Megalogonia ictaluri Surber, 1928 (Allocreadii-
dae) (EF032694); Nagmia jloridensis Markell, 1953 (Gorgoderidae) 
(EF032691); Orchipedum tracheicola Braun, 1801 (Orchipedidae Skrjabin, 
1913) (AY222258); Peracreadium idoneum (Nicoll, 1909) Gibson and Bray, 
1982 (Opecoelidae Ozaki, 1925) (AY222209); Phyllodistomum lacustri 
(Loewen, 1929) Yamaguti, 1958 (Gorgoderidae) (EF032692); Plagiocirrus 
loboides Curran, Overstreet, and Tkach, 2007 (Opecoelidae) (EF523477); 
Polylekithum ictaluri (Pearse, 1924) Arnold, 1934 (family undetermined) 
(EF032697); Prosthenhystera sp. (Callodistomidae Odhner, 1910) 
(EF032690); and Telorchis assula (Dujardin, 1845) Dollfus, 1957 
(Telorchiidae Looss, 1899) (AFI51915). 
Three distinct alignments were constructed with various new sequences 
plus sequences obtained from GenBank using the Clustal W function in 
BioEdit version 7.0.5. The ends of each alignment were trimmed to ensure 
equal sequence lengths, and the alignments were further edited by eye 
using MacClade version 4.08 (Maddison and Maddison, 2000), The first 
alignment had sequences from 26 xiphidiatan taxa, with L. kritskyi and D. 
leiostomi included as the outgroup, and was 1,263 characters long 
including gaps. Sixty-four ambiguously aligned characters were excluded 
from the analysis. Of the remaining 1,199 characters, 618 were constant, 
113 parsimony-uninformative, and 470 parsimony-informative. 
The second alignment had 28S rDNA sequences from 9 allocreadiids 
plus Prosthenhystera sp. for the outgroup. This alignment was 1,194 
characters long including gaps, with 971 of the sites constant, 132 were 
parsimony-uninformative, and 91 characters were parsimony-informative, 
The third alignment had shorter sequences of 28S rDNA from 11 
allocreadiids plus Prosthenhystera sp. for the outgroup. This alignment 
had to be trimmed to 722 characters, including gaps, to accommodate the 
shorter sequence fragments of C. cooper; and M. bravoae available on 
GenBank, Of the 722 characters in this alignment, 559 were constant, 96 
were parsimony-uninformative, and 67 were parsimony-informative. 
Phylogenetic analysis of the data was performed using the maximum 
likelihood (ML) algorithm as implemented in Phylogenetic Analysis Using 
Parsimony [and other methods], version 4,OblO (PAUP*; Sinauer, 
Sunderland, Massachusetts; Swofford, 2002). Maximum likelihood 
criteria used to analyze all 3 alignments were as follows: nucleotide 
frequencies suggested use of the Hasegawa-Kishino-Yano 1985 model, 
molecular clock not enforced, trees were obtained by stepwise addition, 
and steepest descent option was not in effect. Nodal support was estimated 
based on 1,000 bootstrap replicates with 10 stepwise additions per 
bootstrap replicate for the first alignment and 100 stepwise additions per 
bootstrap replicate for the second and third alignments. 
DESCRIPTIONS 
Auriculostoma foliaceum n. sp. 
(Figs. 1-4) 
Diagnosis (based on the holotype): Body elongated, 1,993 long, 450 
wide, with lobed lateral margins in life; lobes contracted from fixation, 
giving margins an irregular appearance. Tegument devoid of spines or 
scales. Eyespot remnants diffuse. Oral sucker subterminal, funnel-shaped, 
surmounted by 2 inconspicuous ventrolateral muscular lobes, with 2 
prominent muscular lobes emanating from dorsal surface behind oral 
sucker; oral sucker 279 long, 374 wide (excluding lobes), Dorsal lobes 
measuring approximately 145 long, 83-89 wide at proximal origin. Mouth 
subterminal. Prepharynx absent. Pharynx 95 long, 100 wide. Esophagus 
III long, 34 wide, Ventral sucker 207 long, 202 wide, supported on short 
peduncle, Ratio of oral sucker width to ventral sucker width 1:0.54. 
Forebody 430 long, representing 22% of body length. Intestine bifurcating 
at anterior margin of ventral sucker. Ceca ending blindly 141 from 
posterior body end, with post-cecal body space representing 7% of body 
length, 
Testes tandem, medial in middle third of hindbody, with irregular 
margins; anterior testis, 106 long, 134 wide; posterior testis 167 long, 145 
wide. Intertesticular space measuring 78 long, Post-testicular space 560 
long, representing 28% of body length. Cirrus sac extending to ovarian 
level, containing elongated, looped internal seminal vesicle, pars prosta-
tica, and wide muscular ejaculatory duct. Genital atrium transversely 
elongate, about 40 wide, Common genital pore medial, at anterior margin 
of ventral sucker. 
Ovary subspherical, submedian, sinistral, pre-testicular, 145 long, 117 
wide. Seminal receptacle immediately post-ovarian, sac-shaped, 40 long by 
45 wide, emptying through long Laurer's canal; Laurer's canal lined by 
small cells, opening on dorsal surface adjacent to ovary. Mehlis' gland 
opposing and slightly posterior to ovary. Vitelline follicles in ventral-
lateral fields in hindbody, confluent posteriorly. Vitelline reservoir ventral 
to Mehlis' gland, joining both lateral fields of vitelline follicles, Uterus 
coiling in hindbody between anterior testis and ovary, containing about 20 
eggs; eggs 58-63 long, 28-29 wide. Distal uterus located ventral to cirrus 
sac, entering genital atrium near anterior margin of ventral sucker. 
Excretory vesicle I-shaped, terminating at posterior margin of uterus. 
Pore ventral, 62 from posterior body end. 
Taxonomic summary 
Type host: Tailspot tetra, Bryconops cf. caudomaculatus (Giinther, 1864) 
Backup, 2003 (Characiformes: Characidae), Symbiotype in the Academy 
of Natural Sciences, Philadelphia Ichthyology collection as Bryconops cf. 
caudomaculatus: alcoholic specimen and tissue sample MHS (No. 1612). 
Type locality: Rio Itaya, Department of Loreto, Provincia de Mayas, 
Peru (4°13'31"S, 73°28'57"W) (8 August 2001). 
Site of infection: Intestine. 
Specimen deposited: Holotype, USNPC No. 104247. 
Etymology: The specific name foliaceum is the neuter form of the Latin 
adjective meaning leaf-like. The word agrees with the neuter genus name, 
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FIGURES 1-4. Auriculostoma foliaceum n. sp. (1) Ventral view of holotype (USNPC No. 104247). Scale bar = 500 11m. (2) Dorsal view of anterior end 
showing auricular lobes. Scale bar = 300 !!ill. (3) Ventral view of terminal genitalia with portion of ventral sucker included for perspective and showing 
ejaculatory duct (ed), prostatic cells (pc), pars prostatica (pp), cirrus sac (cs), opening of the uterus into genital atrium (ou), genital pore (gp), distal 
uterus (du), seminal vesicle (sv), and egg (e). Scale bar = 200 11m. (4) Ventral view of ovarian complex showing ceca (c), vitelline follicles (vf), dorsal 
opening to LaUfer's canal (Lc), Mehlis' gland (Mg), ovary (0), seminal receptacle (sr), and vitelline reservoir (vr). Scale bar = 200 11m. 
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In life, the body appears leaf-shaped much like an oak leaf, with 
undulating lateral lobes along the margins. After fixation, the lobes 
became reduced, giving the body margin an irregular waved appearance. 
Notes: The type host was collected by Mark H. Sebaj Perez (Academy 
of Natural Sciences, Philadelphia, Pennsylvania) and tentatively identified 
by Barry Chernoff (Wesleyan University, Middletown, Connecticut). 
Remarks 
Auriculostoma foliaceum n. sp. conforms to the diagnosis for 
Auriculostoma in having 4 muscular apical lobes comprising 2 relatively 
inconspicuous ventrolateral lobes emerging from the oral sucker (Fig. I) 
and 2 prominent dorsal lobes emanating from the dorsal surface behind 
the oral sucker (Fig. 2) (Scholz et al.,2004). In life, the body margins of 
the holotype appeared lobed and undulated much like lateral margins of a 
stingray's disc. Upon fixation, the lateral lobes shrank and the body 
margins appeared irregular with rounded extensions where the lobes once 
extended. The fixed specimen is nearly half as wide as it appeared in life. 
Auriculostoma foliaceum differs from all previously described species in 
the genus by having foliated lateral body margins and by lacking vitelline 
follicles in the forebody. Auriculostomafoliaceum differs further from A. 
platense by having a much longer cirrus sac that extends to the ovarian 
level in the hindbody rather than not extending posteriorly beyond the 
ventral sucker. The oral to ventral sucker width ratio is 1:0.5 in A. 
foliaceum compared with 1:1 in A. platense, and A. foliaceum has smaller 
eggs, measuring 58-63 IJ1l110ng by 28-29 IJ1l1 wide compared with 75 IJ1l1 
long by 39 IJ1l1 wide (Szidat, 1954). Auriculostomafoliaceum differs further 
from A. macrorchis by having the excretory pore opening on the ventral 
surface rather than terminally and by having an oral to ventral sucker 
width ratio of 1:0.5 compared with 1:1-1.3 in A. macrorchis (Szidat, 1954; 
Hamann, 1988). Auriculostomafoliaceum differs further from A. stenopteri 
by having the testes in the middle of the hind body rather than at the 
extreme posterior end of the body, an oral to ventral sucker width ratio of 
1:0.5 compared with approximately 1:1.3, and by having smaller eggs, 
measuring 58-63 IJ1l1 long by 28-29 IJ1l1 wide compared with 68-76 IJ1l1 
long by 28-40 IJ1l1 wide (Mane-Garzon and Gascon, 1973). Auriculostoma 
foliaceum differs further from A. astyanace by having an oral to ventral 
sucker width ratio of 1:0.5 compared with 1:1.1-1.3, the excretory bladder 
extending past the anterior margin of the anterior testis rather than to 
between the testes, and a ventral rather than terminal excretory pore 
(Scholz et aI., 2004). 
Auriculostoma diagonale n. sp. 
(Figs. 5-9) 
Diagnosis (based on 2 complete mature worms plus 1 mature worm with 
its posterior end cut off for DNA extraction): Body elongate, 1,207-1,600 
long (altered worm length not measured), 352-474wide, widest at ventral 
sucker and or testicular region. Forebody 26.7-27.8% of body length, with 
diffuse eyespots. Posterior body end tapered. Body margin devoid of 
undulations or folds. Tegument devoid of spines. Oral sucker 170-190 
long, 170-208 wide, supporting 4 muscular lobes; dorsolateral lobes, 2, 
prominent; ventral lobes, 2, inconspicuous. Mouth subterminal. Ventral 
sucker 213-221 long, 213-227 wide. Ratio of oral sucker width to ventral 
sucker width 1:1.1-1.25. Prepharynx absent. Pharynx 45-57 long, 63-68 
wide. Esophagus much longer than pharynx. Intestine bifurcating in 
forebody, halfway between pharynx and anterior margin of ventral sucker, 
with ceca terminating near posterior end of body. Post-cecal space 204-
245, representing 15.3-16.9% of body length. 
Testes elongated, oblique in middle of hindbody, contiguous or not; 
right testis 193-261 long, 110-159 wide; left testis 221-304 long, 139-142 
wide. Post-testicular space 28% of body length. Cirrus sac extending to 
level slightly posterior to ovary, containing bipartite seminal vesicle, pars 
prostatica, and ejaculatory duct; bipartite seminal vesicle non-loop 
forming, 311-468 in total length, with proximal portion 71-77 wide, with 
distal portion 59-63 wide; pars prostatica bulb shaped, 57-59 long, 38-48 
wide, internally lined by non-nucleated cell-like structures; ejaculatory 
duct 127-184 long, communicating with small genital atrium. Genital pore 
medial, opening on ventral surface equidistant between cecal bifurcation 
and anterior margin of ventral sucker. 
Ovary subspherical, sinistral, pre-testicular, 156-161 long, 102-145 
wide. Seminal receptacle ovoid, immediately post-ovarian, 85-108 long, 
59-77 wide, giving rise to long Laurer's canal, which is surrounded by 
small gland cells, opening on dorsal surface near body margin opposite 
ovary at level of posterior ovarian margin. Mehlis' gland immediately 
posterodorsal to ovary and anterior portion of seminal receptacle. 
Vitelline follicles in 2 lateral fields; fields surround ceca, confluent in 
post-testicular zone and forebody, extending anteriorly to pharynx. 
Vitelline reservoir ventral to Mehlis' gland. Uterus looping in inter-cecal 
space in hind body between ventral sucker and testes, intruding slightly 
into testicular level. Eggs operculated, unembryonated, 54-57 long, 28-32 
wide (n = 5). Distal uterus opening into genital atrium ventral relative to 
cirrus sac. 
Excretory vesicle I -shaped, extending anteriorly dorsal to testes; 
anterior extent at mid-testicular level. Pore slightly subterminal, dorsal. 
Taxonomic summary 
Type host: Stethaprion cf. erythrops Cope, 1870 (Characiformes: 
Characidae). Symbiotype deposited at the Academy of Natural Sciences, 
Philadelphia Ichthyology Collection as Stethaprion sp. Alcoholic speci-
men: tissue sample MHS 1539. 
Type locality: Rio Itaya, Department of Loreto, Provincia de Mayas, 
Peru W13'31"S, 73°28'57"W) (9 August 2001). 
Site of irifection: Intestine. 
Specimens deposited: Holotype (USNPC No. 104248), 2 paratypes 
(USNPC No. 104249). 
Etymology: The species name diagonale is the neuter derivative of the 
Latin adjective diagonalis meaning diagonal and refers to the diagonal 
orientation of the testes. 
Note: DNA extraction from the posterior end of I specimen failed. 
Remarks 
Auriculostoma diagonale n. sp. conforms to the diagnosis of Auriculo-
stoma by having 4 muscular apical lobes comprising 2 relatively 
inconspicuous ventrolateral lobes emerging from the oral sucker (Fig. 6) 
and 2 prominent dorsal lobes emanating from the dorsal surface behind 
the oral sucker (Fig. 7) (Scholz et aI., 2004). Auriculostoma diagonale 
differs from all of its congeners except A. platense by having oblique rather 
than tandem testes. Auriculostoma diagonale is easily distinguished from 
A. platense by having an elongated cirrus sac that extends well into the 
hind body rather than a shorter cirrus sac that does not extend posterior to 
the ventral sucker; it also has smaller eggs measuring 54-57 IJ1l110ng by 
28-32 Ilm wide compared with 75 IJ1l110ng by 39 IJ1l1 wide. Auriculostoma 
diagonale differs further from A. macrorchis by having the maximum body 
width at 2 points along the body (Ventral sucker and testicular region) 
rather than widest only at the testicular region. Additionally, the pharynx 
is cuboidal in A. diagonale, measuring 45-57 IJ1l110ng by 63-68 IJ1l1 wide 
compared with being elongated, measuring 70 IJ1l110ng by 50 IJ1l1 wide in 
A. macrorchis (Szidat, 1954). Auriculostoma diagonale is easily differen-
tiated from the other species described here (A. foliaceum, also from 
characid fishes from the same river), by having a smooth rather than 
irregular lateral margin of the body and by having vitelline follicles present 
in the forebody. 
Results from molecular analyses (Figs. 10-12) 
As a preliminary step in the study, we ran a maximum parsimony (MP) 
analysis as implemented in PAUP* for all 3 datasets outlined in Materials 
and Methods. In all cases, the topology of the strict consensus trees 
derived from heuristic MP analyses was identical to that obtained in ML 
analyses. Therefore, we present below only the results obtained using ML 
analyses. The phylogenetic tree derived from the ML analysis of 
xiphidiatan genera depicted in Figure 10 shows P. limi forming an 
independent branch relative to the Allocreadiidae. This topology clearly 
shows that Paracreptotrematina Amin and Myer, 1982, represented in our 
analysis by its type species, P. limi, is not an allocreadiid. The tree 
topology also indicates that Megalogonia Surber, 1928, is distinct from 
Crepidostomum. This relationship is further explored below in the analyses 
using smaller datasets. The Allocreadiidae is most closely related to the 
Callodistomidae, represented in our analysis by Prosthenhystera sp. Our 
attempt at extracting DNA from A. diagonale was un3uccessful, but we 
included A. astyanace, the type species for Auriculostoma, in the analyses. 
A Neotropical clade consisting of C. aguirrepequenoi, W chavarriae, and 
A. astyanace formed a derived clade in relation to Holarctic allocreadiid 
genera. 
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FIGURES 5, 6. Auriculostoma diagonale n. sp., anterior half of para type (USNPC No. 104249). Scale bar = 500 J.lm. (5) Ventral view. (6) Dorsal view. 
The tree derived from the ML analysis (Fig. 11) of the second dataset 
agrees closely with the topology of the Allocreadiidae found in the initial 
xiphidiatan analysis (Fig. 10) and further demonstrates that Megalogonia 
is distinct from the clade consisting of 2 species of Crepidostomum. 
The tree derived from the ML analysis (Fig. 12) of the third, shorter 
alignment, consisting of the same taxa plus M bravoae and C. cooperi, 
shows a similar topology except the positions of Allocreadium Looss, 1902, 
and Bunodera Railliet, 1896, are transposed (Figs. 10, 11). The introduc-
tion of M. bravoae to the alignment yielded a topology in which 
Margotrema Lamothe-Argumedo, 1970, was in a polytomy with 2 species 
of Crepidostomum (Fig. 12). 
DISCUSSION 
The present analyses based on partial sequences of the 28S 
rDNA gene from a number of xiphitiatan taxa produced trees 
(Figs. 10--12), with topology generally consistent to previously 
published molecular based digenean phylogenies with allocrea-
diids (Choudhury and Leon Regagnon, 2005; Curran et aI., 2006; 
Platta and Choudhury, 2006; Choudhury et aI., 2007; Curran et 
aI., 2007; Perez-Ponce de Leon et aI., 2007). The first 2 of 3 
presented analyses (Figs. 10, 11) collectively provide a more 
rigorous estimation of allocreadiid interrelationships than previ-
ously published phylogenies because these analyses incorporate 
longer sequences than most previous phylogenies; they also 
include previously unavailable sequences from the allocreadiid 
genera Auriculostorna and Creptotrernatina Yamaguti, 1954. 
Further, they embrace a broader selection of related xiphidiatan 
genera, thus providing greater context for classifying allocrea-
diids, and particularly P. !irni, within the Xiphidiata. The resulting 
trees (Figs. 10, II) indicate that (l) P. !irni does not belong in the 
Allocreadiidae, where it had traditionally been classified; (2) the 
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FIGURES 7-9. Auriculostoma diagonale n. sp. (7) Ventral view of holotype (USNPC No. 104248). Scale bar = 250 >Lm. (8) Ventral view of terminal 
genitalia under pressure showing ejaculatory duct (ed), pars prostatica (pp), prostatic cells (pc), cirrus sac (cs), seminal vesicle (sv), eggs (e), distal uterus 
(du), genital atrium (ga), and genital pore (gp). Scale bar = ISO >Lm. (9) Ventral view of ovarian complex showing ovary (0), vitelline follicles (vI), seminal 
receptacle (sr), uterus (u), vitelline reservoir (vr), dorsal opening to LaUfer's canal (Lc), and Mehlis' gland (Mg). Scale bar = 200 >Lm. 
97 
100 
100 
100 
100 
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Prosthenhystera sp. (Cal) 
Gorgodera cygnoides (Gor) 
Phyllodistomum lacustri (Gor) 
Nagmia f10ridensis (Gor) 
Brachylecithum lobatum (Die) 
Dicrocoelium dendriticum (Die) 
Lyperosomum transcarpathicus (Die) 
Encyclometra colubrimurorum (Ene) 
Polylekithum ictaluri (Unk) 
Orchipedum tracheicola (Ore) 
Percreadium idoneum (Ope) 
Plagiocirrus loboides (Ope) 
r---- Auridstomum chyledrae (Aur) 
a....----t 
Telorchis assula (Tel) 
100 r---- Culuwiya sp. (Hap) 
..... ~--t 
100 
L... ____ Haploporus benedeni (Hap) 
Lissorchis kritskyi (Lis) 
Diplomonorchis leiostomi (Mon) 
----- 0.05 substitutionS/site 
FIGURE 10. Phylogram representing a hypothesis for the interrelationships of some xiphidiatan taxa. The tree represents the single best tree obtained 
from maximum likelihood analysis based on heuristic search using partial 28S rDNA gene sequences from 26 xiphidiatan taxa and rooted by Lissorchis 
kritskyi (Lissorchiidae) and Diplomonorchis leiostomi (Monorchiidae). Sequences contained 1,199 characters. Numbers on branches indicate bootstrap 
support values obtained from 1,000 bootstraps and 10 random replicates per each bootstrap. Shaded boxes show that P. limi does not belong in the 
Allocreadiidae. Abbreviations for families are as follows: Allocreadiidae (All), Callodistomidae (Cal), Gorgoderidae (Gor), Unknown (Unk), 
Dicrocoeliidae (Dic), Encyc10metridae (Enc), Orchipedidae (Orc), Opecoelidae (Ope), Auridistomidae (Aur), Telorchiidae (Tel), Haploporidae (Hap), 
Lissorchiidae (Lis), and Monorchiidae (Mon). 
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Megalogonia ietaluri 
98 Creptotrematina aguirrepequenoi 
98 Aurieulostoma astyanaee 
100 
Wallinia ehavarriae 
94 Crepidostomum eomutum 
Crepidostomum illinoiense 
Bunodera sp. 
Alloereadium lobatum 
Prosthenhystera sp. 
--- 0.01 substitutions/site 
FIGURE II. Phylogram representing a hypothesis for the interrelationships of some allocreadiid taxa. The tree represents the single best tree obtained 
from maximum likelihood analysis based on heuristic search using partial 28S rDNA sequences from 9 allocreadiid taxa rooted by Prosthenhystera sp. 
(Callodistomidae). Sequences contained 1,194 characters. Numbers on branches indicate bootstrap support values obtained from 1,000 bootstraps with 
100 random replicates per each bootstrap. 
examined Neotropical allocreadiid genera include Auriculostoma 
and form a natural group that most likely originated from a 
North American lineage; and (3) Megalogonia is not a junior 
synonym of Crepidostomum. 
The tree obtained from our larger set of taxa (Fig, 10) indicates 
that P. limi forms its own clade within a polytomy including 
several other families, Amin and Myer (1982) erected Paracrepto-
trematina Amin and Myer, 1982, for P. limi and considered the 
new genus closely related to Creptotrematina, differing mainly by 
the presence of ceca that extend to the posterior end of the body 
rather than the testicular region. They consequently transferred C. 
aguirrepequenoi, which is a part of the present analyses, to their 
Alloereadi um lobatum 
aluri Megalogonia iet 
~ 8~ rt 93 Aurieul 
Creptotrematina 
aguirrepequenoi 
ostoma astyanaee 
Wallinia e havarriae 
95 
[( Crepidos/omum c 
84 Crepidostomum co 
omutum 
operi 
r-
r--- ~ Marg otrema bravoae 
Crepidostomu m iIIinoiense 
Bunodera Sp. 
Prosthenhystera sp. 
--- 0.01 substitutions/site 
FIGURE 12. Phylogram representing a hypothesis for the interrelationships of some allocreadiid taxa. The tree represents the single best tree obtained 
from maximum likelihood analysis based on heuristic search using trimmed 28S rDNA sequences from II allocreadiid taxa rooted by Prosthenhystera 
sp. (Callodistomidae). Sequences contained 722 characters. Numbers on branches indicate bootstrap support values obtained from 1,000 bootstraps with 
100 random replicates per each bootstrap. 
new genus because it had ceca that extend to the posterior end of 
the body. Our results indicate that inclusion of C. aguirrepequenoi 
in Paracreptotrematina is untenable, and we retain the species in 
Creptotrematina as C. aguirrepequenoi Jimenez-Guzman, 1973 
(spelling amended), within the Allocreadiidae. The presence of 
elongated ceca may arguably be a species level character, and we 
can find no compelling reason to erect a new genus for C. 
aguirrepequenoi. We consider the temperate, North American 
species, P. limi, to be the only species in the genus. A shortage of 
information relating to the life history of P. limi, as well as the 
possibility that our analyses may be missing genera that are 
potentially closely related to this species, prevent us from 
advocating that Paracreptotrematina be placed in its own family 
or any named family at this time. 
PetkeviCiute et al. (2010) showed that Bunodera contains a 
cryptic species complex based on genetic variation in 28S 
sequences among Nearctic and Pa1earctic forms. They found that 
forms previously named B. luciopercae from North America were 
not conspecific with forms of the same name from Europe. 
Consequently, we refer to our sequenced Nearctic specimen, 
which is identical to the form previously named B. luciopercae by 
Platta and Choudhury (2006), as Bunodera sp. 
Perez-Ponce de Leon et al. (2007) showed that Wallinia Pearse, 
1920, belonged in Allocreadiidae nested between a more basal 
clade containing Bunodera spp. and a derived clade containing C. 
cooperi and M. bravoae. The present analyses agree with their 
phylogeny and place Auriculostoma with a Neotropical group of 
allocreadiids. Further, the North American Megalogonia is basal 
to the Neotropical group consisting of C. aguirrepequenoi, A. 
astyanace, and W chavarriae (Figs. 10-12). The position of M. 
ictaluri, at the base of the Neotropical allocreadiids, is novel 
(Figs. 10-12). Some authors consider Megalogonia to be a junior 
synonym of Crepidostomum (i.e., Van Cleave and Mueller, 1934; 
Caira, 1989; Caira and Bogea, 2005), but our results suggest that 
Megalogonia should be retained as a valid genus in the 
Allocreadiidae, a position we take. Crepidostomum, in contrast, 
forms a distinct clade with the Mexican species M. bravoae nested 
within it (Fig. 12). This topology corroborates a Nearctic origin 
for Margotrema as proposed by Perez-Ponce de Leon et al. (2007), 
but it also allows for the possibility that Margotrema could be 
considered a junior synonym of Crepidostomum. We refrain from 
synonomizing the genera here because Margotrema varies 
considerably morphologically from Crepidostomum, and the 
present analysis (Fig. 12) is based on an abbreviated alignment 
of 28S gene fragments. More genetic information is needed to 
confirm this topology. 
The trees resulting from the present analyses provide a greater 
understanding of the interrelationships of allocreadiids, but a 
shortage of information pertaining to Neotropical genera 
remains. Whether the allocreadiids colonized South America as 
a single, or multiple, lineages remains to be explored. Creptotrema 
Travassos, Artigas, and Pereira, 1928, is an especially important 
omission in the present analysis since Creptotrema funduli 
Mueller, 1934, occurs in Oneida Lake, New York, and 7 other 
species in the genus occur from Mexico south into South America 
(Curran, 2008). An absence of sequences from Paracreptotrema 
Choudhury, Perez-Ponce de Leon, Brooks, and Daverdin, 2006, 
and other species in Creptotrematina, as well as from enigmatic 
genera such as Trematichtys Vas, 1932, and Maicuru de Freitas, 
1960, greatly confounds the present knowledge of Allocreadiidae. 
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Furthermore, a genus needs to be established to accommodate 2 
related South American forms, i.e., Allocreadium patagonicum 
Shimazu, Urawa, and Coria, 2000, and Allocreadium pichi Flores, 
Brugni, and Ostrowski de Nunez, 2004, neither of which conforms 
to the diagnosis for Allocreadium (see Caira and Bogea, 2005; 
Curran et aI., 2006). 
Classifying Maicuru 
The especially enigmatic species, Maicuru solitarium de Freitas, 
1960, was described based on a single specimen from the intestine 
of Rhinella granulosa (Spix, 1824) Peters, 1872, from Maicuru, 
Para State, Brazil. Yamaguti (1971) allocated this species within 
the Omphalometridae Looss, 1899. Prudhoe and Bray (1982) 
noted that the species lacks tegumental spines and possesses 
features associated with members of the Allocreadiidae and 
tentatively grouped it therein. Caira and Bogea (2005) considered 
Maicuru to be a genus incertae sedis on the basis that an 
esophagus was absent, the ovary was bilobed rather than oval or 
pyriform, and the testes were lobed. Although we were unable to 
examine the holotype of M solitarium housed at the Helmintho-
logical Collection of the Oswaldo Cruz Institute, Rio de Janeiro, 
Brazil (CHIOC No. 26646), its former curator, Dr. Roberto 
Pinto, kindly presented us with 4 color micrographs of the 
ho10type, with 2 showing the ventral aspect and 2 showing the 
dorsal aspect of the specimen. The micrographs, together with the 
original description, reveal a suite of features that strongly suggest 
to us that M. solitarium belongs in the Allocreadiidae. The 
congruent features include the presence of at least a pair of 
ventrolateral muscular lobes associated with the oral sucker; 
smooth tegument; diffuse eyespot remnants in the forebody; an 
elongated cirrus sac that seems to bend and loop much like in 
most species of Auriculostoma, Crepidostomum, and Creptotrema; 
a vitellarium consisting of 2 groups of follicles that are contiguous 
in the post-testicular region but absent from the forebody; a 
uterus containing relatively few large eggs confined to the pre-
testicular region; and a metra term that lies ventral relative to the 
cirrus sac. De Freitas (1960) described the esophagus as being 
absent, but the ho10type may have been fixed and mounted in a 
way that would hide a dorsally recurved esophagus. Examination 
of the micrographs mentioned above did not provide conclusive 
insight into the condition or absence of an esophagus, but we 
consider the presence of gonads with lobed or irregular margins to 
be consistent with the concept of the Allocreadiidae. For instance, 
A. lobatum presumably takes its name for having lobed testes 
(Wallin, 1909). Creptotrema sucumbiosa Curran, 2008, has a 
bilobed ovary, and some specimens of C. aguirrepequenoi in our 
collection have a bilobed ovary. Similarly, at least some specimens 
of Creptotrematina dissimilis (de Freitas, 1941) Yamaguti, 1954, 
have a bilobed ovary, e.g., 1 specimen from lot No. 730C from the 
Helminthologica1 Collection, Museo de La Plata, La Plata, 
Argentina. We find the congruence of features between M. 
solitarium and species belonging in Allocreadiidae to be so 
overwhelming as to prevent exclusion of the genus from the 
family. Furthermore, M. solitarium bears striking resemblance to 
species in Auriculostoma. The micrographs of the holotype for M 
solitarium did not provide enough resolution to examine for the 
presence of muscular lobes emanating from the dorsal surface 
near the oral sucker, so further comparison between the 2 genera 
is needed. 
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A NEW EIMERIID (APICOMPLEXA) SPECIES FROM ENDANGERED ATTWATER'S PRAIRIE 
CHICKENS (TYMPANUCHUS CUPIDO ATTWATERI) IN TEXAS 
Jason M. Fritzler, Thomas M. Craig*, Amal Elgayar*, Casey Plummert, R. Steve Wilsont, Markus J. Peterson:j:, and 
Guan Zhu* 
Department of Biology, College of Sciences and Mathematics, Stephen F. Austin State University, Nacogdoches, Texas 75962. e-mail: fritzlerjm@ 
sfasu.edu 
ABSTRACT: The Attwater's prairie chicken (APC; Tympanuchus cupido attwateri Bendire, 1894) has been a federally listed endangered 
species since 1967. Several captive propagation programs consisting of small populations are being used to keep this species from 
extinction. Fecal samples were collected from APCs in April 2007 and again in August 2008 from 2 separate captive propagation 
facilities in Texas after clinical signs of coccidiosis were observed. One Eimeria species was observed (Eimeria attwate71), which we 
describe as a putative new species. Sporulated oocysts are ellipsoidal, 30.0 x 18.4 (27.4--31.3 x 16.0-22.4) ~m. Oocysts have a smooth 
wall 0.7 ~m thick and lack both a micropyle and oocyst residuum, but I ellipsoidal polar granule is present, 2.3 x 1.9 (2.1-2.4 x 1.7-
2.0) ~. Sporocysts have a nipple-like Stieda body with a rounded opposite end and are 14.0 x 7.1 (10.2-16.8 x 6.0-9.2) ~m. The 
sporocysts contain a sporocyst residuum usually consisting of 2-4 dispersed globules, and each sporozoite contains 2 large posterior 
spheroid refractile bodies 3.4 ~ wide. Nucleotide sequence amplified from the 18S rDNA does not match any DNA sequence 
information for publicly available Eimeria species, and phylogenetic reconstructions place this species with other eimerians from 
Galliformes. The discovery of a potentially pathogenic species of Eimeria in captive APCs is of great importance, and managers should 
be aware of the potential devastating effect(s) this parasite could have on the APC conservation programs. 
The Tetraoninae (Galliformes: Phasianidae) comprise the 
grouse and ptarmigan species. There are 6 genera, including 
Tympanuchus, which is further classified into 3 species, i.e., T. 
cupido, T. pallidicinctus, and T. phasianellus (Schroeder and Robb, 
1993; Connelly et aI., 1998; Giesen, 1998). During the past 200 yr, 
the distribution and abundance of greater prairie chickens (T. 
cupido) have fluctuated significantly (Robb and Schroeder, 2005). 
Since the early 1900s, both distribution and abundance of greater 
prairie chickens, while still fluctuating, became greatly reduced, 
leading to extinctions in some habitats. The T. cupido is comprised 
of 3 subspecies, i.e., the heath hen, which became extinct in 1932 
(T. c. cupido), the Attwater's prairie chicken (APC; T. c. 
attwaterz), which is on the brink of extinction, and the greater 
prairie chicken (GPC; T. c. pinnatus; Schroeder and Robb, 1993; 
Silvy et aI., 1999,2004). Both the GPC and the APC are listed as 
"Vulnerable" on the International Union for the Conservation of 
Nature and Natural Resources Red List 2009 (http://www. 
iucnredlist.org), and the latter has been federally listed as 
endangered since 1967 (Silvy et aI., 1999). Despite this early 
listing, nearly all APC populations found in 1967 have 
disappeared, and remaining populations are maintained only 
through captive propagation (Silvy et aI., 1999, 2004). 
Conservation biologists attribute the decline in APC abundance 
and population extinctions primarily to habitat loss and 
fragmentation resulting in insufficient space usable by APCs to 
fulfill all life requisites throughout the year (Silvy et aI., 2004). 
Several factors contributing to the disappearance of APC 
populations have been examined (e.g., Horkel et aI., 1981; Lutz 
et aI., 1994; Peterson and Silvy, 1994, 1996; Morrow et aI., 1996), 
but the effect of infectious diseases is largely unknown. Peterson 
(2004) provides a thorough review of the infectious diseases of 
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prairie grouse, and identifies gaps in our knowledge regarding 
prairie grouse-parasite interactions. As with the poultry industry, 
he maintained that coccidiosis occurs in most prairie grouse 
populations and could potentially be population limiting. 
There are 17 species of Eimeria described from the Tetraoninae, 
including 2 from the prairie grouse. Eimeria angusta Allen, 1934, 
was reported from the sharp-tailed grouse (STG; T. phasianellus, 
Morgan and Hamerstrom, 1941) and, more recently, Eimeria 
tympanuchi Smith, Duszynski, and Johnson, 2003, from the lesser 
prairie chicken (LPC; T. pallidicinctus). Here, we document the 
first observation of Eimeria sp. in APCs and, more specifically, 
from 2 separate captive rearing facilities at the Caldwell Zoo 
located in Tyler, Texas, and the Fossil Rim Wildlife Center 
located in Glen Rose, Texas. Additionally, we report this as a 
putative new species of Eimeria based on morphology and, to a 
lesser degree, upon DNA sequence information. 
MATERIALS AND METHODS 
Source of Eimeria sp. oocysts 
Samples of feces were originally collected from APCs in the captive 
propagation program housed at the Caldwell Zoo in Tyler, Texas 
(32°22'09"N, 95°19'33'W), and later at the Fossil Rim Wildlife Center 
in Glen Rose, Texas (32°14'04"N, 97"45'19"W). During breeding season, 
both facilities perform weekly fecal exams, and the coccidian oocysts were 
first found in mid-April 2007 at the Caldwell Zoo and early August 2008 
at Fossil Rim. Prior samples at both captive rearing facilities were found 
to contain a few Capillaria spp. and strongyle eggs, but no coccidia were 
observed. At the time of coccidian observation, there were 14 adult APCs 
in the Caldwell Zoo rearing facility; none exhibited clinical signs of 
coccidiosis until late April 2007, when the classical diarrhea was first 
observed in 14114 (100%) of the adults. There were also 12 adult APCs and 
3 immature APCs in the Fossil Rim population at the time of initial 
coccidian observation; all exhibited clinical signs of coccidiosis at the time 
of fecal collection. Both propagation facilities were consistently on a 
monthly 5-day treatment of amprolium (IVX Animal Health, Inc., Saint 
Joseph, Missouri); treatment was changed to sulfadimethoxine (IVX 
Animal Health, Inc.) at both facilities once the coccidia were observed. 
Clinical signs ceased, and normal stools were noted in early May 2007 at 
the Caldwell Zoo and late August 2008 at Fossil Rim. 
The APCs at both facilities were housed separately from other species 
and divided into pens equipped with either double netting or a corrugated 
plastic roof to guard against predators in addition to being surrounded by 
an electric fence. Food and water were protected from weather conditions 
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FIGURE 1. Differential interference contrast photomicrograph of Eimeria attwateri oocysts from Attwater's Prairie Chickens in Texas. 
(A) Un sporulated oocyst. (B) Sporulated oocyst. The outer wall is smooth, with prominent polar granule (PG) present. Nipple-like Stieda body (SB) 
visible at pointed end of sporocysts. Sporocyst residuum (SR) present in clusters, and I large posterior refractile body (RB) is visible in each sporozoite. 
Bars = 10 ;tm. 
at all times and removed at night to discourage rodents. The housing units 
at both facilities were built specifically for the APC propagation program 
in a remote and isolated area of the property; no animals were ever housed 
previously in this area. Additionally, there was no record of transfer of 
APCs among the 2 captive rearing facilities during the previous 2 yr. 
A mixed sample of fecal material was collected in 50-ml conical vials and 
shipped overnight to the Veterinary Medical Parasitology Laboratory at 
Texas A&M University (College Station, Texas) and the Molecular 
Parasitology and Bacteriology Laboratory at Stephen F. Austin State 
University (Nacogdoches, Texas) both when the coccidia were first 
observed and when normal feces began to appear. All procedures were 
identically performed at both locations. Upon arrival, the feces were placed 
directly into 2.5% aqueous (w/v) potassium dichromate (K2Cr207) in a ratio 
of I volume of feces to 5 volumes K2Cr207. The fecal-dichromate mixture 
was placed in a large Petri dish and maintained at 25 C for 10 days to allow 
oocyst sporulation. Samples were viewed daily to detect sporulation. 
Isolation of Eimeria sp. oocysts 
After sporulation, 10 ml of the fecal-dichromate (K2Cr207) mix was 
pipetted into a 15-ml conical vial and pelleted by centrifugation at 1,000 g 
for 5 min. The pelleted sample was then washed with 10 ml of water 5 
times to remove the K2Cr207, followed by centrifugation at 1,000 g for 
5 min after each washing. Following the addition of 10 ml of a sucrose 
flotation solution (specific gravity 1.26), the mixture was vortexed to mix 
and centrifuged at 500 g for 10 min. The top 3 ml of solution was removed, 
placed into 45 ml of water, and centrifuged at 1,000 g for 10 min to pellet 
the oocysts. Oocysts were then resuspended in 0.5 ml of water and stored 
at 4 C. Samples were examined using an Olympus BX51 microscope 
equipped with differential interference contrast, and 133 total sporulated 
oocysts (63 from the Caldwell Zoo and 70 from Fossil Rim) were 
photographed using a Q-Imaging Retiga SRV camera. Measurements are 
in micrometers (mean ± SD [;tm]) with the range in parentheses. 
Isolation and amplification of DNA 
Samples prepared as described above were resuspended in I ml of 10% 
chlorine bleach. Following a 5-min incubation in ice, the bleach-oocyst 
mixture was centrifuged at 10,000 g for 2 min. After washing 6 times with 
water, DNA isolation was carried out using a QIAmp DNA Stool Mini 
Kit (Qiagen, Germantown, Maryland) following the manufacturer's 
recommended protocol. The only addition to DNA isolation using this 
method was that oocysts were suspended in the recommended lysis buffer 
and underwent 10 freeze-thaw cycles (liquid nitrogen and 37 C) to disrupt 
the oocyst wall prior to isolation. 
The CoreNucleotide database at the National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov/sites/entrez?db=nuccore) was 
searched for sequence information available for Eimeria spp. We found 79 
species that had nucleotide sequence data (mostly partial) available for 18S 
ribosomal DNA (rDNA). Additionally, we selected the nucleotide data for 8 
avian species for comparison purposes to aid in primer design. Multiple 
sequence alignments were performed on all sequences using the ClustalW 
algorithm housed in the MacVector v9.5.2 program (MacVector, Inc., Cary, 
North Carolina). Eimeria sp.-specific primers were designed based on the 
multiple alignment of all available sequences (most of which were partial) 
and were as follows: Eimeria-507F (5'-TGT AAA ACC CIT CCA GAG 
T AA C-3') and Eimeria-1085R (5' -GAG ACT TTG A IT TCT CAT GAG 
G-3'). Amplification was carried out using the high-fidelity Pfu Ultra DNA 
polymerase (Agilent Technologies, Santa Clara, California). The amplified 
product was cloned using the TOPO Blunt Cloning Kit (Invitrogen, 
Carlsbad, California) and transformed into Escherichia coli TOPIO cells 
(Invitrogen). Twenty plasmids (10 from each propagation program) 
containing the correct inserts were sequenced to elicit their identity. 
Phylogenetic reconstructions 
To determine the evolutionary relationship among the Eimeria species 
from APCs and other Eimeria species, we performed both maximum 
likelihood and maximum parsimony-based phylogenetic analyses. Multi-
ple sequence alignments were performed on 50 unique sequences (taxa) 
including 3 Cyclospora sp. sequences using the ClustalW algorithm as 
above. A dataset containing 478 unambiguously aligned nucleotide 
positions (without gaps) was used in subsequent analysis. The MrBayes 
v3.1.2 program (http://mrbayes.csiLfsu.edu/) was used to reconstruct trees 
using a Bayesian inference (BI) method (Huelsenbeck and Ronquist, 
2001). Markov chain Monte Carlo analysis used a nucleotide substitution 
model that considered fraction of in variance (Finv) and permitted different 
rates of transitions and transversions (lset setting: rates = propinv nst = 
2). In total, 2.5 X 106 generations of searches were performed with 2 
independent runs, each containing 4 chains simultaneously running. The 
current trees were saved every 1,000 generations. Posterior probability 
(PP) values at tree nodes were obtained by calculating consensus trees 
from the last 1,501 BI trees that were obtained after the runs converged. 
DESCRIPTION 
Eimeria attwateri, n. sp. 
(Figs. 1, 2) 
Diagnosis: One Eimeria morphotype observed (Figs. I, 2), confirmed 
via PCR amplification of 18S rDNA gene. 
Description of sporulated oocyst: Oocyst shape, ellipsoidal; number of 
walls, 2; wall thickness, 0.7 (0.6-0.8); wall characteristics, outer wall 
smooth, thick and appears pale brown in color, inner wall barely 
FIGURE 2. Line drawing of a sporulated oocyst of Eimeria attwateri. 
Bar = 10 Iffil. 
discernable. Micropyle (M) absent. Length (L) X width (W) (n = 133), 
30.0 (±2.9) X 18.4 (±2.1) (27.4-31.3 X 16.0-22.4); LIW ratio, 1.6 (1.3-
2.1); oocyst residuum absent. Polar granule (PG) present, ellipsoid, 2.3 X 
1.9 (2.1-2.4 X 1.7-2.0, n = 44). Distinctive features of oocyst: M absent, 
prominent PG, thin wall pale brown in color. 
Description of sporocyst and sporozoites: Sporocyst spindle-shaped; L X 
W (n = 133), 13.9 (±2.0) X 7.1 (±0.7) (10.2-16.8 X 6.0-9.2); LIW ratio, 
2.0 (1.4-2.7); Stieda body (SB) present, nipple-like; sub-Stieda body (SSB) 
and para-Stieda body (PSB) absent. Sporocyst residuum (SR) present; SR 
characteristics: 2-3 dispersed globules sometimes forming clusters. 
Sporozoites (SP) with I posterior refractile body (RB) variable in size, 
typically spheroid, 3.4 (3.0-3.5). Distinctive features of sporocyst: nipple-
like SB, SSB, and PSB absent. Granular SR usually in clusters of 2-3, I 
large posterior RB in each SP. 
Taxonomic summary 
Type host: Tympanuchus cupido ssp. attwateri Bendire, 1894, Attwater's 
prairie chicken (Phasianidae: Tetraoninae). 
Collected: C. Plummer and R.S. Wilson, 16 April 2007. 
Other hosts: Unknown. 
Type Locality: Tyler, Texas, Caldwell Zoo (32°22'09"N, 95°19'33"W). 
Prevalence: Unknown, although all APCs (14/14; 100%) at this location 
and time displayed clinical signs of coccidiosis. 
Sporulation: Three days at 25 C. 
Prepatent and patent periods: Unknown. 
Site of infection: Unknown, oocysts recovered from feces. 
Etymology: The specific name is derived from the subspecific name of 
the host. 
Specimens deposited: Photosyntypes of sporulated oocysts from the 
symbiotype host are deposited in the United States National Parasite 
Collection, Beltsville, Maryland (USNPC No. 100604). Partial 18S rDNA 
nucleotide sequence is deposited in the GenBank database (Acc. 
No. EU481858). 
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Remarks 
As of 2003, there were IS species of Eimeria described from grouse and 
ptarmigan (Phasianidae: Tetraoninae) (see Smith et aI., 2003, for an 
overview). Since then, 2 more species of Eimeria have been described from 
the rock ptarmigan (Skirnisson and Thorarinsdottir, 2007). Of these, only 
E. angusta and E. tympanuchi have been described from the STG T. 
phasianellus and the LPC T. pallidicinctus, respectively (Morgan and 
Hamerstrom, 1941; Smith et aI., 2003). The present study represents the 
first description of an Eimeria species from APCs. Eimeria attwateri 
oocysts and sporocysts are similar in size (30 X 18; 14 X 7) to E. angusta 
(28-37 X 15-19; 12-17 X 5-8) and to E. tympanuchi (22-32 X 18-26; 10-
14 X 6-10). However, E. angusta oocysts contain a micropyle and are 
sometimes tapered toward this end, whereas E. attwateri does not. Eimeria 
tympanuchi is distinguished from all others described from grouse and 
ptarmigan by the presence of an oocyst residuum, Stieda body, and sub-
Stieda body. The other Tetraoninae Eimeria species that are similar in 
oocyst and sporocyst size to E. attwateri are E. leucuri Stabler et aI., 1979; 
E. brinkmanni Levine, 1953; E. lyruri Galli-Valerio, 1927; and E. ventriosa 
Haase, 1939. Although similar in size, E. attwateri differs from E. leucuri 
and E. ventriosa in that they contain either a micropyle and micropyle cap 
or just a micropyle, respectively. Eimeria lyruri possesses a polar granule 
and sporocyst residuum, but no distinct Stieda body, and E. brinkmanni 
has a polar granule and Stieda body, but no sporocyst residuum, whereas 
E. attwateri possesses all 3. 
Amplification and sequencing of DNA 
We isolated DNA from mixed APC fecal samples and amplified a 504-
bp region of the 18S rDNA. All plasmids sequenced displayed the same 
nucleotide sequence, indicating that only I Eimeria species was present in 
the APC samples, further confirming our microscopic observations. We 
realigned our obtained sequence with those from the public database in an 
attempt to elicit a complete match to an already known species. Because 
this was not the case, we analyzed differences among species in order to 
determine its phylogenetic relationship among other Eimeria species. The 
partial18S rDNA nucleotide sequence data reported here are available in 
the GenBank database under the accession number EU481858. 
Phylogenetic relationship of Eimeria attwateri among other 
Eimeria species 
We constructed phylogenetic trees from a total of 50 species, including 
E. attwateri, and 3 distantly related Cyclospora species that served as the 
outgroup. Applying a Bayesian analysis to the phylogeny resulted in 
distinct groups organized by host order (Fig. 3). Eimeria attwateri is 
within the Galliformes clade and is most closely related to Eimeria 
adeneodei, a Meleagris sp. (turkey) coccidium. We obtained 2 separate and 
independent lineages of rodent Eimeria species, as done in previous 
phylogenetic reconstructions (Zhao and Duszynski, 2001). 
DISCUSSION 
We isolated a putative new species of Eimeria from the APC, E. 
attwateri, the 18th Eimeria species from Tetraoninae. We 
compared eimerians from host species closely related to the 
APC, using methods similar to those of Smith et al. (2003). Owing 
to lack of clear genetic differences among Tympanuchus species, as 
well as the close proximity of historic range (Ellsworth et aI., 
1996; Smith et aI., 2003), we compared characteristics of 
sporulated oocysts from an array of tetraonid hosts. We also 
obtained a partial18S rDNA sequence for comparison to those of 
other Eimeria spp. sequences available publicly. Of the thousands 
of Eimeria species described, only a small number of DNA 
sequences are available, many of which are incomplete. Because 
so many coccidia species are indistinguishable from one another 
morphometrically (Tenter et aI., 2002; Perez-Ponce de Leon and 
Nadler, 2010), DNA sequences are often the only reliable way to 
identify Eimeria species. Although no sequence data exist for any 
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FIGURE 3. Maximum likelihood (ML) and maximum parsimony (MP) tree derived from Eimeria and Cyclospora 18S rDNA sequences (50 taxa, 478 
nucleotide positions) using a Bayesian analysis (BI) of phylogeny. Posterior probability (PP) values at major nodes are indicated as percentage values 
(MLIMP/BI). Those PP values were derived from 1,501 trees obtained after the ML and MP values converged. PP values that could not be derived after 
convergence are indicated with an "x." 
tetraonid eimerian, our phylogenetic reconstructions consistently 
placed E. attwateri into a clade comprised solely of Eimeria 
species from galliform hosts. 
Relatively little is known regarding the overall prevalence of 
parasites, especially coccidia, in prairie grouse, and virtually no 
parasites have been described from APCs. Other than the mite 
Tetraolichus cupido (At yeo and Gaud, 1992), the only parasites 
identified from APCs are the nematodes Dispharynx nasuta and 
Trichostrongylus cramae (Peterson et aI., 1998). Although 
infectious agents have not been shown to be largely detrimental 
to prairie grouse populations in North America, no studies of 
free-living prairie grouse were conducted in a manner that would 
have delineated population-level effects of infectious agents even 
if they existed (Peterson, 2004). Regardless, a number of micro-
and macroparasites documented for prairie grouse could play a 
limiting or regulatory role (Peterson et aI., 1998; Peterson, 2004). 
With the high density captive breeding programs serving to 
prevent APC extinction (Silvy et aI., 2004), the threat of infectious 
agents and related disease is critically important. 
The captive APC populations we studied historically have been 
healthy. However, during the breeding season in the spring of 
2007 at the Caldwell Zoo, and just after the breeding season of 
2008 at Fossil Rim, large numbers of coccidia were present in the 
APC feces, and they soon developed clinical signs despite regular 
amprolium treatment. Once the coccidia were observed, anti-
coccidial treatment was changed to sulfadimethoxine and clinical 
signs regressed, possibly preventing mortality in the populations. 
This situation suggests that coccidial resistance to amprolium 
occurred; thus, managers should consider rotating anticoccidial 
treatments. Although we suspect the clinical signs were due to 
coccidia, infection in each individual APC was not confirmed, and 
diarrhea could have been due to other causes. 
The effects coccidia have on either wild or captive APC 
populations are unknown. However, coccidia associated with 
other prairie grouse appear to cause decreased growth rates and 
significant mortality in young galliformes of other species 
(McDougald and Reid, 1997; Friend and Franson, 1999). Thus, 
recruitment of young into the breeding population could be 
affected, leading to population regulation (Peterson, 2004). As 
with coccidia infections in poultry houses, the presence of coccidia 
in the confined houses of APC captive breeding programs could 
prove to be detrimental. More research is needed to delineate how 
coccidiosis and other infectious agents influence free-roaming 
prairie grouse populations (Peterson, 2004), including those such 
as the APC that occur in small, isolated populations. 
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A NEW SPECIES OF SYPHACIA (NEMATODA: OXVURIDAE) FROM CALOMYS LAUCHA 
(RODENTIA: CRICETIDAE) IN AN AGROECOSVSTEM OF CENTRAL ARGENTINA 
Elba Juliana Rojas Herrera, Mariela Haydee Mino, Juliana Notarnicola*, and Marfa del Rosario Robles* 
Departamento de Ecologia, Genetica y Evoluci6n, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Ciudad Universitaria, 
Pabell6n II, 4° piso C1428EGA, Buenos Aires, Argentina. e-mail: juJi-rojas@ege.fcen.uba.ar 
ABSTRACT: A new oxyurid nematode Syphacia hodarae n, sp. is described from the cecum and rectum of the cricetid rodent Calomys 
laucha Fischer, 1814 (Sigmodontinae, Phyllotini), captured in an agroecosystem of central Argentina. The new species is distinguished 
from other members of the genus mainly by the shape of the cephalic plate, presence of cervical alae in females, absence of lateral alae, 
and absence of deirids. Some characters are shared with Syphacia carlitosi, a parasite of Akodon azarae from the wetlands in Argentina, 
However, S. hodarae can be differentiated from this species by the absence of ornamentation on the accessory hook of the 
gubernaculum, length of spicule and gubernaculum, size of the eggs, and distance to the vulva from the anterior end. This is the first 
record of a Syphacia species from the tribe Phyllotini in Argentina, and the first time a Syphacia species is reported from C. laucha. 
Among rodents, the Cricetidae have a widely distribution and 
are well represented in the Western Hemisphere, They are also the 
most abundant group in rural environments of central Argentina 
(Mills et aI., 1991; Wilson and Reeder, 2005). One of the species 
frequently found in disturbed habitats such as crop fields is the 
small vesper mouse Calomys laucha Fischer, 1814 (Phyllotini, 
Sigmodontinae) (Mills et aI., 1991; Busch and Kravetz, 1992; 
Busch et aI., 2001). This species occurs from southern Bolivia to 
northern Patagonia in Argentina (Wilson and Reeder, 2005). 
Calomys laucha is a common species and widespread in South 
America, but few reports deal with its parasitic helminths. Only 1 
nematode, Physaloptera calnuensis Sutton, 1989 (Physalopter-
idae), was cited for this host species in Uruguay (Sutton, 1989). 
However, several species of Syphacia Seurat, 1916 (Oxyuridae: 
Syphaciinae), have been reported in the cecum of cricetid rodents 
(Quentin, 1971; Hugot, 1988). For example, in Argentina, Robles 
and Navone (2007a, 2007b, 2010) identified Syphacia carlitosi 
Robles and Navone, 2007, in an akodontinian host, and Syphacia 
kinsellai Robles and Navone, 2007, and Syphacia venteli 
Travassos, 1937, from oryzomyinian hosts. 
Herein we describe a new species of Syphacia recovered in the 
cecum of the phyllotinian C. laucha from crop fields of Carlos 
Casares, Buenos Aires Province, in central Argentina. 
MATERIALS AND METHODS 
During a study of the population dynamic of rodents (including C. 
laucha), samples were captured from a 5,000 ha experimental station, 
located in Carlos Casares (35°37'S, 61°22'W), Buenos Aires Province, 
Argentina. Pitfall traps were set up in cultivated plots (maize, wheat, 
soybean), closed plots (without cattle and not cultivated during 15 yr), and 
corridors (lineal habitats of native grassland along roads or between 
fields). The specimens were necropsied, and viscera fixed in 10% formalin 
were examined for helminth parasites. 
Nematodes were recovered and preserved in 70% ethanol, cleared in 
lactophenol, and examined using light microscopy. Drawings were made 
with the aid of a drawing tube. Specimens were also observed using 
scanning electron microscopy (SEM); they were dehydrated in an alcohol 
series (70°, 80°, 90°, 95°, and 100°), dried using the critical-point method, 
examined using a Jeol 6360 LV scanning electron microscope, and 
photographed. Measurements are given in micrometers unless otherwise 
stated. Values are given as follows: mean value followed by the standard 
deviation with the ranges in parentheses. 
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Nematodes were deposited in the Helminthological Collection of Museo 
de La Plata, La Plata, Argentina, and host specimens in the Mammal 
Collection of Museo Argentino de Ciencias Naturales Bernardino 
Rivadavia, Buenos Aires, Argentina (MACN). During the survey, a new 
species of Syphacia was found and is described as follows. 
DESCRIPTION 
Syphacia hodarae n. sp. 
(Figs. 1-19) 
General: Cuticle with transversal striations, fields between transverse 
striations with shallow longitudinal depressions. Striations begin imme-
diately posterior to cuticular collar. Cephalic plate laterally elongated in 
both male and female (Figs. 14, 17). Submedian papillae and amphids 
clearly observed in lateral view. Lips poorly defined. Deirids absent. 
Cervical alae present in females (Fig. 7). Excretory pore located in a 
depression, immediately anterior to esophagus-intestinal junction (Figs. 7, 
8). 
Male: Cervical and lateral alae absent. Three ventral mamelons present 
(Fig. 1), not equidistant; the 2 first mamelons closer than the third one. 
Accessory hook of gubernaculum without ornamentation (Figs. 5, 16). 
Three pairs of caudal pedunculate papillae present: 1 pair pre-anal, 1 pair 
ad-anal, and 1 large pair of post-anal papillae, located laterally. Tail 
relatively long (Figs. 5, 16). 
Holotype: Body length 1.1 mm, width 115. Total length of esophagus 
220; esophageal bulb 60 long. Nerve ring 85 and excretory pore 250 from 
anterior end. Anterior mamelon protruded 50 long; middle mamelon 49 
long, and posterior mamelon 60 long. Anterior edges of each mamelon 
360, 470, and 650 from anterior end, respectively. Distance between 
anterior edge of first mamelon and the anterior edge of second mamelon 
115; distance between anterior edge of second mamelon and the anterior 
edge of third mamelon 170. Spicule 55 long. Gubernaculum 30 long. Tail 
125 long, and tip of tail 97. 
Paratypes (n = 15): Body length 0.93 ± 0.15 (0.7-1.2) mm, width 105 
± 13.32 (80-130). Total length of esophagus 209 ± 16.01 (180-240) long, 
esophageal bulb 63 ± 6.42 (51-75) long. Nerve ring 76 ± 12.64 (50-91) 
and excretory pore 204 ± 59.62 (121-300) from anterior end. Anterior 
mamelon protruded 50 ± 6.04 (40-61) long; middle mamelon 48 ± 8.37 
(31-65) long and posterior mamelon 51 ± 7.34 (35-62) long. Anterior 
edges of each mamelon are 287 ± 76.60 (180-420), 391 ± 86.28 (250-550), 
and 559 ± 118.62 (315-775) from anterior end, respectively. Distance 
between anterior edge of first mamelon and the anterior edge of second 
mamelon 94 ± 20.77 (70-130); distance between anterior edge of second 
mamelon and the anterior edge of third mamelon 158 ± 27.18 (120-210). 
Spicule 55 ± 6.59 (42-62) long. Gubernaculum 23 ± 4.20 (16-29) long 
(Fig. 5). Tail 104 ± 17.66 (75-133) long, and tip of tail 83 ± 14.81 (58-
108). 
Female: Cervical alae developed extending up to the esophageal bulb 
(Figs. 7, 18); some specimens show the alae refolded longitudinally 
(Fig. 19). Lateral alae absent. Lateral cuticular fold extending up to anus 
(Fig. 19). Vulva not protruded (Figs. 8, 10, 11); only 2 gravid specimens 
showed the vulva slightly protruded. Tail slender and long (Fig. 12). Eggs 
elliptical and large, with operculum (Fig. 13). 
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FIGURES 1-5. Syphacia hodarae n. sp. Male. (1) Complete male specimen. (2) Anterior extremity, lateral view. (3) Detail of the excretory pore, ventral 
view. (4) Detail of the first mamelon, lateral view. (5) Posterior extremity showing gubernaculum and spicule, lateral view. 
Allotype: Body length 3.5 mm. Body width 220. Cervical alae beginning 
approximately 50 from apex; 220 long, and 30 wide. Total length of 
esophagus 330, esophageal bulb 100 long. Nerve ring 100, excretory pore 
350, and vulva 490 from anterior end. Tail 650 long. Eggs 110 X 30. 
Para types (n = 25): Body length 4 ± 0.65 (3-5) mm, width 211 ± 43.48 
(100-275). Cervical alae (n = 4) beginning approximately 50 ± 8.16 (40-
60) from apex; 339 ± 52.22 (250-430) long, and 27 ± 4.41 (20-35) wide. 
Total length of esophagus 390 ± 39.57 (300-450), esophageal bulb 114 ± 
13.85 (90-142) long. Nerve ring 114 ± 33.40 (70-230), excretory pore 325 
± 54.13 (230-430), and vulva 541 ± 65.33 (410-700) from anterior end. 
Tail 728 ± 155.49 (450-990) long. Eggs 135 ± 18.09 (100-160) long, and 
38 ± 6.24 (30-50) wide. 
Taxonomic summary 
Type host: Calomys laucha Fischer, 1814 (Rodentia, Cricetidae, 
Sigmodontinae) deposited at the Mammal Collection of MACN 
Bernardino Rivadavia, Argentina, MACN 23792. Other hosts deposited: 
MACN 23786 to 23790. 
Type locality: Carlos Casares (35°37'S, 61°22'W), Buenos Aires, 
Argentina. 
Site of infection: Cecum and rectum. 
Specimens deposited: Holotype male CHML 6200, allotype female 
CHML 6201, and 40 paratypes CHML 6202 at the Helminthological 
Collection of the MLP, Argentina; voucher specimens 6203 to 6207. 
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FIGURES 6-13. Syphacia hodarae n. sp. Female. (6) Complete female specimen. (7,8) Anterior extremity, ventral and lateral views. (9) Detail of the 
excretory pore, ventral view. (10, 11) Detail of the vulva, lateral and ventral views. (12) Tail, lateral view. (13) Egg. 
Prevalence and mean intensity: 36% (40/11 0 hosts examined); 26.1 
parasites per host (1-199). 
Etymology: Dedicated to Dr. Karina Hodara from the Facultad de 
Ciencias Agrarias, UBA, who collected and identified the hosts. 
Remarks 
The new species described herein is compared with Syphacia species 
parasitizing cricetid and murid rodents of the Western Hemisphere. 
Syphacia hodarae n. sp. can easily be differentiated from 2 cosmopolitan 
species, Syphacia obvelata (Rudolphi, 1802) and Syphacia muris (Yama-
guti, 1935), by the presence of the cervical alae in the females (Vicente et 
aI., 1997; Pinto et aI., 2001; Robles et aI., 2008). 
Moreover, 14 species parasitizing cricetid rodents from South and 
North America differ from S. hodarae by the lack of cervical alae or the 
presence of lateral alae and/or deirids (Table I). Further, the new species 
can be distinguished from Syphacia alata Quentin, 1968, by the narrower 
cervical alae and larger eggs (mean of 135 X 38 vs. 95-97 X 34-40 ~m) in 
females and by the shorter spicule (mean of 55 vs. 76 ~m) and shorter tail 
in males (mean of 104 vs. 210 ~m) (Quentin, 1968). 
On the other hand, S. hodnrae resembles S. carlitosi, a parasite of Akodon 
azarae (Fischer, 1829) from Argentina, in being similar in size, lacking deirids, 
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FIGURES 14-19. Scanning electron microscope photographs of Syphacia hodarae n. sp. (14) Male cephalic plate. (15) Detail of the anterior mamelon. 
(16) Posterior extremity of the male showing the accessory hook of gubernaculum without ornamentation (arrow) and the cloacal papillae, ventral view. 
(17) Female cephalic plate. (18) Female anterior extremity showing the cervical alae, excretory pore, and vulva, ventral view. (19) Detai l of the cuticular 
fold extending up to the anus. 
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TABLE I. Main distinctive features (cervical alae, lateral alae, and deirids) between Syphacia hodarae and other Syphacia species parasitizing rodents of 
the family Cricetidae from the Western Hemisphere. 
Species (Syphacia) Type host Type locality Character Reference 
S. arctica Tiner and Dicrostonyx groenlandicus Point Barrow, Alaska Presence of lateral alae Tiner and Rausch, 1950 
Rausch, 1950 (Traill, 1823) in females 
S. criceti Quentin, 1969 Oryzomys subjlavus Pernambuco, Brazil Absence of cervical alae Quentin, 1969 
(Wagner, 1842) and presence of deirids 
in females 
S. evaginata Hugot Oryzomys sp. Baird, 1857 Belem, Brazil Absence of cervical alae Hugot and Quentin, 1985 
and Quentin, 1985 and presence of deirids 
in females 
S. kinsellai Robles Oligoryzomys nigripes Valle del Arroyo Cuiia Piru, Absence of cervical alae Robles and Navone, 2007b 
and Navone, 2007 (Olfers, 1818) Misiones, Argentina and presence of deirids 
in females 
S. megadeiros Rhipidomys latimanus Pichiude, Colombia Presence of lateral alae Quentin, 1969 
Quentin, 1969 (Tomes, 1860) and deirids in females 
S. mesocriceti Mesocricetus auratus Anchorage, Alaska Presence of lateral alae Quentin, 1971 
Quentin, 1971 Waterhouse, 1839 in females 
S. odilbainae Hugot Zygodontomys brevicauda Cali, Colombia Presence of lateral alae Hugot and Quentin, 1985 
and Quentin, 1985 (Allen and Chapman, 1893) and deirids in females 
S. oryzomyos Quentin Oryzomys palustris Florida, USA Absence of cervical alae Quentin and Kinsella, 1972 
and Kinsella, 1972 (Harlan, 1837) and presence of deirids 
in females 
S. peromysci Peromyscus leucopus Durham County, North Presence of deirids in Quentin and Kinsella, 1972 
Harkema, 1936 (Rafinesque, 1818) Carolina, USA both males and females 
S. petrusewiczi Myodes rutilus (Pallas, 1779)* Anchorage, Alaska Presence of deirids in Quentin, 1969 
Quentin, 1969 both males and females 
S. phyllotios Quentin, Phyllotis darwini Malleco, Chile Presence of deirids in Quentin et aI., 1979 
Babero, and Cattan, 1979 (Waterhouse 1837) both males and females 
S. quentini Robles Melanomys caliginosus Buenaventura and Pichiude, Absence of cervical alae Robles and Navone, 2010 
and Navone 2010 (Tomes, 1860) Depto Valle del Cauca, and presence of lateral 
Colombia alae in females 
S. sigmodoni Quentin and Sigmodon hispidus Cedar Key, Levy county, Presence of cervical alae Quentin and Kinsella, 1972 
Kinsella, 1972 (Say and Ord, 1825) Florida, USA and deirids in females 
S. venteli Travassos, 1937 Nectomys squamipes Angra dos Reis, Brazil Absence of cervical and Robles and Navone, 2010 
(Brants, 1827) 
• Originally mentioned as Clethrionomys ruti/us dawsoni. 
and displaying cervical alae. However, in the new species, the cervical 
alae is narrower compared with S. carlitosi. Neither S. hodarae nor S. 
carlitosi have lateral alae, although they both present a cuticular fold. 
However, in the new species, the cuticular fold is extended up to the anus, 
while in S. carlitosi it extends as far as the tail (Robles and Navone, 
2007a). In addition, S. hodarae differs from S. carlitosi by the absence of 
ornamentation on the accessory hook of the gubernaculum and in having 
a longer spicule (range 42-62 vs. 60-85 ~m), shorter gubernaculum (range 
16-29 vs. 30-45 ~m), and shorter male tail and tip tail (range 75-133 vs. 
190-297, and 58-108 vs. 125-260 ~m, respectively). Moreover, in the new 
species, the vulva opens more anteriorly than in specimens of S. carlitosi 
(mean of 541 vs. 851 ~m), and the eggs are larger (mean of 135 x 38 vs. 
91 x 29 ~m) (Robles and Navone, 2007a). 
DISCUSSION 
This is the first time a parasite has been reported from C. laucha 
in Argentina and the first time a Syphacia species is reported from 
C. laucha. However, in Pernambuco, Brazil, the big laucha 
Calomys callosus (Rengger, 1830) harbors Syphacia criceti 
(Quentin, 1969). Although both host species are phylogenetically 
related, S. hodarae and S. criceti differ in the main diagnostic 
features (cephalic alae and deirids). In the study area, C. laucha is 
sympatric with 3 cricetid rodent species, i.e., Calomys musculinus 
lateral alae in females 
(Thomas, 1913), A. azarae, and Oligoryzomys flavescens (Water-
house, 1837). No Syphacia species has ever been associated with 
C. musculinus or 0. flavescens, while S. carlitosi has been 
described from A. azarae in the wetlands in Buenos Aires 
Province (Robles and Navone, 2007a; Navone et aI., 2009), as 
well as in the present study area (E. J. Rojas Herrera, pers. obs.) 
ACKNOWLEDGMENTS 
We thank Dr. Karina Hodara for collecting and identifying the host 
specimens and for allowing us to perform necropsies on her specimens. We 
also thank Maria Cristina Estivariz from CEPAVE for the drawings, and 
Patricia Sarmiento from the Museo de La Plata for the SEM photography. 
This study was funded by a grant from the Agencia Nacional de 
Investigaciones Cientificas y Tecnicas (PICT 25591 awarded to Karina 
Hodara) and Consejo Nacional de Investigaciones Cientificas y Tecnicas 
(PIP 1410). E. J. Rojas Herrera, J. Notarnicola, and M. d. R. Robles are 
members of CONICET. 
LITERATURE CITED 
BUSCH, M., AND F. O. KRAVETZ. 1992. Competitive interactions among 
rodents (Akodon azarae, Calomys laucha, C. musculinus and 
Oligoryzomys jlavescens) in a two habitat system. I. Spatial and 
numerical relationships. Mammalia 56: 55-57. 
ROJAS HERRERA ET AL-NEW SPECIES OF SYPHACIA FROM C LAUCHA 681 
---, M. H. MINO, J. R. DADON, AND K. HODARA. 2001. Habitat 
Selection by Akodon azarae and Calomys laucha (Rodentia, Muridae) 
in pampean agroecosystems. Mammalia 65: 29-48. 
HUGOT, J. P. 1988. Les nematodes Syphaciinae parasites de rongeurs et de 
lagomorphs. Taxonomie, zoogeographie, evolution. Bulletin du 
Museum National d'Histoire Naturelle, Serie A 141: 1-153. 
---, AND 1. C. QUENTIN. 1985. Etude morphologique de six especes 
nouvelles ou peu connues appartenant au genre Syphacia (Oxyuridae, 
Nematoda), parasites de rongeurs Cricetides et Murides. Bulletin du 
Museum National d'Histoire Naturelle 2: 383-400. 
MILLS, J. N., B. A. ELLIS, K. T. McKEE, J. I. MAIZTEGUI, AND J. E. CHILDS. 
1991. Habitat associations and relative densities of rodent popula-
tions in cultivated areas of central Argentina. Journal of Mammalogy 
72: 470-479. 
NAVONE, G. T., J. NOTARNICOLA, S. NAVA, M. R. ROBLES, C. GALLIARI, 
AND M. LARESCHI. 2009. Arthropods and helminths assemblage in 
sigmodontine rodents from wetlands of the Rio de La Plata, 
Argentina. Mastozoologia Neotropical16: 121-133. 
PINTO, R. M., L. GONCALVES, D. NORONHA, AND D. CORREA GOMES. 2001. 
Worm burdens in outbred and inbred laboratory rats with 
morphometric data on Syphacia muris (Yamaguti, 1935) Yamaguti, 
1941 (Nematoda, Oxyuridea). Mem6rias do Instituto Oswaldo Cruz 
96: 133-136. 
QUENTIN, J. C. 1968. Description de Syphacia (Syphacia) alata n. sp., 
oxyure parasite du rongeur Cricetidae Zygodontomys lasiurus (Lund, 
1839). Bulletin du Museum National d'Histoire Naturelle 2 Serie 4: 
807-813. 
---. 1969. Etude de nematodes Syphacia parasites de rongeurs 
Cricetidae sud-Americains et de leurs correlations biogeographiques 
avec certaines especes neartiques. Bulletin du Museum National 
d'Histoire Naturelle 2 Serie 4: 909-925. 
---. 1971. Morphologie comparee des structures cephaliques et 
genitales des Oxyures du genre Syphacia. Annales de Parasitologie 
46: 15-60. 
---, B. B. BABERO, AND P. E. CATTAN. 1979. Helminthofaune du Chili. 
V Syphacia (Syphacia) phyllotios n. sp., nouvel oxyure parasite d'un 
rongeur Cricetide au Chili. Bulletin du Museum National d'Histoire 
Naturelle 4 Serie 2: 323-327. 
---, AND J. M. KINSELLA. 1972. Etude de trois especes d'Oxyures 
Syphacia parasites de rongeurs cricetides nord-americains. Annales de 
Parasitologie 47: 717-733. 
ROBLES, M. R., AND G. T. NAVONE. 2007a. A new species of Syphacia 
(Nematoda: Oxyuridae) from Akodon azarae (Rodentia: Cricetidae) 
in Argentina. Journal of Parasitology 93: 189-198. 
---, AND ---. 2007b. A new species of Syphacia (Nematoda: 
Oxyuridae) from Oligoyzomys nigripes (Rodentia: Cricetidae) in 
Argentina. Parasitology Research 101: 1069-1075. 
---, AND ---. 2010. Redescription of Syphacia venteli Travassos 
1937 (Nematoda: Oxyuridae) from Nectomys squamipes in Argentina 
and Brazil and description of a new species of Syphacia from 
Melanomys caliginosus in Colombia. Parasitology Research 106: 
1117-1126. 
---, ---, AND I. E. GOMEZ VILLAFANE. 2008. New morphological 
details and first records of Heterakis spumosa and Syphacia muris 
from Argentina. Comparative Parasitology 75: 145-149. 
SUTTON, C. A. 1989. Contribution to the knowledge of Argentina's 
parasitological fauna. XVII Spirurida (Nematoda) from neotropical 
Cricetidae: Physaloptera calnuensis n sp and Protospirura numidica 
criceticola Quentin, Karimi and Rodriguez de Almeida. Bulletin du 
Museum National D'Histoire Naturelle, Paris 4° Serie II, Secci6n A 
1: 61-67. 
TINER, J. D., AND R. L. RAUSCH. 1950. Two new Syphacia (Nematoda, 
Oxyuridae) and observations of the inner circle circumoral papillae in 
North American species of the genus. Natural History Miscellaneous 
(Chicago) 30: 202-203. 
VICENTE, J. J., H. DE OLIVEIRA RODRiGUES, D. CORREA GOMES, AND R. M. 
PINTO. 1997. Nematoides do Brasil. Parte V: Nemat6ides de 
mamiferos. Revista Brasileira de Zoologia 14: 1-452. 
WILSON, D. E., AND D. M. REEDER. 2005. Mammal species of the 
world: A taxonomic and geographic reference, 3rd ed. Johns Hopkins 
University Press, Baltimore, Maryland, 2142 p. 
J. Parasito/., 97(4), 2011, pp. 682~694 
© American Society of Parasitologists 2011 
NEW AVIAN HAEMOPROTEUS SPECIES (HAEMOSPORIDA: HAEMOPROTEIDAE) FROM 
AFRICAN BIRDS, WITH A CRITIQUE OF THE USE OF HOST TAXONOMIC INFORMATION IN 
HEMOPROTEID CLASSIFICATION 
Tatjana A. lezhova, Molly Dodge*, Ravinder N. M. Sehgal*, Thomas B. Smitht, and Gediminas ValkiOnas 
Institute of Ecology, Nature Research Centre, Akademijos 2, Vilnius 21, L T-08412, Lithuania. e-mail: tatjana@ekoi.lt 
ABSTRACT: Haemoproteus (Parahaemoproteus) micronuclearis n. sp., Haemoproteus (Parahaemoproteus) nucleofascialis n. sp., 
Haemoproteus (Parahaemoproteus) paranucleophilus n. sp., and Haemoproteus (Parahaemoproteus) homobelopolskyi n. sp. 
(Haemosporida, Haemoproteidae) are described from African passeriform birds based on the morphology of their blood stages 
and segments of the mitochondrial cytochrome b gene. Red-billed quelea (Quelea quelea), red-headed malimbe (Malimbus rubricollis), 
and black-headed weaver (Ploceus melanocephalus) are the type vertebrate hosts of new hemoproteids. It is probable that new species 
have wide distribution in weavers in sub-Saharan Africa. Both H. micronuclearis and H. nucleofascialis can be readily distinguished 
from other avian hemoproteids by tiny, compact microgametocyte nuclei that are significantly smaller than macrogametocyte nuclei 
and are a rare character of hemosporidian parasites. Gametocytes of H. paranucleophilus are closely appressed to the erythrocyte nuclei 
and do not touch the erythrocyte envelope along their entire margin at all stages of their development, including fully grown 
gametocytes. A particularly distinctive feature of H. homobelopolskyi development is the presence of circumnuclear dumbbell-shaped 
macrogametocytes. Illustrations of blood stages of the new species are given, and morphological and phylogenetic analyses identify the 
DNA lineages that are associated with these parasites. Numerous recent studies show that some lineages of hemoproteids are often 
present in birds belonging to different families. As a result, the use of the host family as a taxonomic character should be questioned 
and preferably discouraged in hemoproteid taxonomy, particularly with regard to the parasites of passerine birds. Microscopic 
identification of avian hemoproteids requires comparison of Haemoproteus species described from birds of different families, as is an 
established practice with avian Plasmodium spp. Development of bar-coding techniques remains essential in taxonomic and field 
studies of hemosporidian parasites. 
Species of Haemoproteus (Haemosporida, Haemoproteidae) are 
widespread and abundant dipteran-borne hemosporidian para-
sites (Haemosporida) and have been reported in birds on all 
continents except Antarctica (Garnham, 1966; Bishop and 
Bennett, 1992). More than 140 species of avian hemoproteids 
have been described previously (Valkiunas, 2005; Iezhova et aI., 
2010). The majority of these species belong to the subgenus 
Parahaemoproteus and are transmitted by biting midges belonging 
to Culicoides (Ceratopogonidae). Currently, only 7 species have 
been assigned to the subgenus Haemoproteus, all of which are 
transmitted by hippoboscid flies (Hippoboscidae; Bennett et aI., 
1965; Garnham, 1966; Valkiunas, Santiago-Alarcon et aI., 2010). 
Hemoproteids are often considered to be relatively benign to their 
avian hosts and vectors (Bennett et aI., 1993). However, some 
species cause severe pathology in birds (Miltgen et aI., 1981; 
Atkinson et aI., 1988; Cardona et aI., 2002), are sometimes even 
lethal (Ferrell et aI., 2007), and can affect host fitness (Nordling et 
aI., 1998; Marzal et aI., 2005; Valkiunas, 2005; M",ller and 
Nielsen, 2007). Heavy hemoproteid infections are also pathogenic 
and sometimes even kill biting midges (Valkiunas and Iezhova, 
2004). This phenomenon has not been sufficiently investigated in 
wildlife. Characterization of the distribution and diversity of 
avian hemoproteids is important to better understand the 
challenges facing wildlife health. 
Recent molecular studies have revealed extraordinary genetic 
diversity of avian hemosporidian parasites in terms of speciation. 
This indicates that the number of hemosporidian species is 
probably much greater than have been described to date (Perkins 
and Schall, 2002; Bensch et aI., 2004, 2009; Ricklefs et aI., 2004). 
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However, development of hemosporidian taxonomy on a species 
level is a difficult task because it requires morphological 
information about main stages of parasites' development in the 
blood (immature, growing, and mature gametocytes in the 
hemoproteids). It is essential to describe these developmental 
stages to make morphological comparisons between potential new 
species and already described parasites. Such stages are rarely 
present simultaneously in each blood sample because light 
parasitemias predominate in free-living birds. That is the main 
obstacle in identification and description of hemosporidian 
species based on limited sampling, typical of short-term expedi-
tions when each individual host usually is examined only once. 
Blood samples containing a full range of developing blood stages 
remain of considerable value for taxonomic purposes. The 
identification of molecular markers for distinguishing hemospo-
ridian species is an important task because it provides opportu-
nities to detect parasite species at particularly light parasitemias, 
which predominate in wildlife. 
Mitochondrial cytochrome b (cyt b) gene fragments have been 
successfully used in distinguishing hemosporidian species; they are 
easy to use and are convenient for taxonomic work with 
hemosporidian parasites (Martinsen et aI., 2006; Sehgal et aI., 
2006; Palinauskas et aI., 2007; Valkiunas et aI., 2009; Iezhova et 
aI., 2010; Krizanauskiene et aI., 2010; Santiago-Alarcon et aI., 
2010). In fact, a public database called MalAvi has been launched 
to coordinate the study of avian malaria parasite diversity among 
research groups (Bensch et aI., 2009). 
Here, we describe 4 new species of avian hemoproteids from 
African passeriform birds. Red-billed quelea (Quelea quelea), red-
headed malimbe (Malimbus rubricollis), and black-headed weaver 
(Ploceus melanocephalus) are the type vertebrate hosts of the new 
hemoproteids, and they probably have wide distribution in 
weavers in sub-Saharan Africa. We identify cyt b lineages that 
can be used for the parasites' molecular diagnostics. We also 
discuss recent molecular and morphological findings regarding 
the natural host range of avian hemoproteids. This is important 
for understanding vertebrate host specificity, which currently is 
still in use as a prominent taxonomic character in avian 
hemoproteid taxonomy and frequently relates parasites at the 
host family level (Barraclough et a!., 2008; Parsons et a!., 2010). 
MATERIAL AND METHODS 
Collection of blood samples 
Blood samples were collected in July 2003 (the dry season) in Uganda, 
as described by Valkiiinas et al. (2005). Material for this study was 
collected in Kibale National Park and Queen Elizabeth National Park, 
Uganda. New species of hemoproteids were found in species of the 
Ploceidae; 16 individual ploceid birds of 5 species were investigated. Seven 
individual birds (prevalence is 44%) of 4 species (red-headed malimbe, 
black-headed weaver, slender-billed weaver [Ploceus pelzelnz1, and red-
billed quelea) harbored hemoproteids (see Valkiiinas et aI., 2005). Birds 
were caught with mist nets between daybreak (0600 hr) and dusk (1700 hr). 
They were ringed, bled, and released. None of them was recaptured. One 
or 2 drops of blood were taken by puncturing the brachial vein. 
Approximately 50 ~I of whole blood was drawn from each bird for 
subsequent molecular analysis. The samples were fixed in lysis buffer 
(Sehgal et aI., 2001) and then held at ambient temperature in the field and 
later at -20 C in the laboratory. 
Three blood films were prepared from each bird. Blood films were air-
dried within 5-10 sec after their preparation. In humid environments, we 
used a battery-operated fan to aid in the drying of the blood films. Slides 
were fixed in methanol in the field and then stained with Giemsa in the 
laboratory. Blood films were examined for 10-15 min at low magnification 
(X400), and then at least 100 fields were studied at high magnification 
(X 1,000). Intensity of infection was estimated as a percentage by actual 
counting of the number of parasites per 1,000 red blood cells or per 10,000 
red blood cells if infections were light, i.e., <0.1 %, as described by 
Godfrey et al. (1987). To determine possible presence of simultaneous 
infections with other hemosporidian parasites in the type material of new 
species, the entire blood films from hapantotype and parahapantotype 
series were examined microscopically at low magnification. 
Morphological analysis 
A BX61 light microscope (Olympus, Tokyo, Japan) equipped with a 
DP70 digital camera and imaging software analySIS FIVE (Olympus Soft 
Imaging Solution GmbH, Munster, Germany) was used to examine slides, 
to prepare illustrations, and to take measurements. The morphometric 
features studied (Table I) are those defined by Valkiiinas (2005). Student's 
t-test for independent samples was used to determine statistical 
significance between mean linear parameters. A P value of ::0:0.05 was 
considered significant. 
DNA extraction, polymerase chain reaction (PCR) 
amplification, and sequencing 
DNA was extracted from whole blood using the Wizard SV Genomic 
DNA Purification System (Promega, Madison, Wisconsin). Extraction 
success was verified by PCR using primers that amplify the gene encoding 
the brain-derived neurotrophic factor (Sehgal and Lovette, 2003). 
Haemoproteus spp. were detected by nested PCR amplification of a 
fragment of the cyt b region of the mitochondrial DNA following the 
protocol ofWaldenstriim et al. (2004), with a few modifications. The PCR 
products of amplification by primers HAEMNF 5' -CATATATTAAGA-
GAATTATGGAG-3' and HAEMNR2 5'-AGAGGTGTAGCATATC-
TATCTAC-3' were used as the template for a secondary amplification 
by primers HAEMF 5'-ATGGTGCTTTCGATATATGCATG-3' and 
HAEMR2 5'-GCATTATCTGGATGTGATAATGGT-3'. Each reaction 
included approximately 10-100 ng of genomic DNA, 2.5 mM MgClz, 5 ~I 
of 5x GoTaq Flexi buffer, 400 ~M of each deoxynucleoside triphosphates, 
0.6 ~M of each primer, and 0.625 U of GoTaq Flexi DNA polymerase 
(Promega). The thermal profile for amplification of the "outer" fragment 
started with 3 min of denaturation at 94 C, followed by 20 cycles at 94 C 
for 30 sec, 50 C for 30 sec, and 72 C for 45 sec, and ended with an 
elongation step at 72 C for 10 min. The second, inner fragment was 
amplified using the same reagents and thermal profile as described above, 
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but for 35 cycles instead of 20. All reactions were performed in 25-~1 
volumes and were accompanied by negative (double distilled H20) and 
positive controls (samples from infected birds, confirmed by microscopy) 
to control for any contamination and to confirm success of the PCR. 
PCR products were purified using ExoSAP according to the manufac-
turer's instructions (United States Biochemical Corporation, Cleveland, 
Ohio); they were sequenced to identify parasite lineages (BigDye version 
l.l sequencing kit, Applied Biosystems, Foster City, California) on an 
ABI Prism 3100 automated sequencer (Applied Biosystems). 
Sequences were aligned using the program Sequencher 4.8 (Gene Codes, 
Ann Arbor, Michigan). In cases where the chromatogram revealed at least I 
double peak and microscopy showed co-infection with different morpho-
species, the sample was subjected to an additional amplification using the 
nested PCR described above. The resulting PCR product was then cloned 
using the TOPO TA cloning kit (Invitrogen, Carlsbad, California) following 
Sambrook and Russell (2001) and the manufacturer's instructions. Ten 
colonies were amplified per sample using the PCR methods described 
above, and PCR products from each colony were sequenced to identify 
what lineage was present. When co-infections were present, the linking of 
lineages to morphospecies was performed as follows. First, we assigned 
lineages to morphospecies in samples containing single infections. Single 
infections were determined both by microscopy and PCR diagnostics as 
determined by the absence of "double peaks" in electropherograms of cyt b 
sequences. All co-infections were thus clearly identified, compared with 
lineages of single infections. The remaining unassigned lineages were linked 
to the second morpho species present in samples with co-infections. We are 
confident about these lineage assignments because the morphology of new 
Haemoproteus species differed significantly, and we have samples with 
single infections and co-infections at our disposal. 
We used the BLAST algorithm to compare the sequences of new 
lineages to known Haemoproteus spp. lineages deposited in GenBank. 
Phylogenetic analysis 
We used 53 mitochondrial cyt b sequences of avian Haemoproteus species 
from our survey and from GenBank. The GenBank sequences included in 
the phylogenetic analysis were carefully chosen to correspond to positive 
morphological identifications, i.e., identified by targeting taxonomic studies. 
For examples of parasite lineage linkage to their morpho species and 
additional literature on this subject, see KriZanauskiene et al. (2006), Sehgal 
et al. (2006), Hellgren et al. (2007), Palinauskas et al. (2007), Valkiiinas et al. 
(2007), Martinsen et al. (2008), Valkiiinas et al. (2008, 2009), Iezhova et al. 
(2010), and Valkiiinas, Santiago-Alarcon et al. (2010). Two lineages of 
Leucocytozoon schoutedeni were used as outgroups and 5 Plasmodium taxa 
also were included in genetic distance analysis. Sequences were aligned using 
Sequencher 4.8 and grouped into a consensus that was 487 bp. 
The phylogenetic tree was created using mrBayes version 3.1 (Ronquist 
and Huelsenbeck, 2003). The appropriate model of sequence evolution 
was determined by the software mrModeltest (Nylander, 2004) to be a 
General Time Reversible model including variable sites (GTR+I). The 
Bayesian phylogeny was constructed using I cold of 2 hot Monte Carlo 
Markov chains, which were sampled every 200 generations over 20 million 
generations for a total of 100,000 generated trees. In all, 25% of these were 
discarded as burn in, and the remaining 75,000 trees were used to 
construct a majority consensus tree. 
The sequence divergence among lineages was calculated using a Jukes-
Cantor model of substitution in which all substitutions were weighted 
equally (PAUP 4.0; Swofford, 2003). 
DESCRIPTION 
Haemoproteus (Parahaemoproteus) micronuc/earis n. sp. 
(Figs. 1-16; Table I) 
Diagnosis: Young gametocytes: Earliest forms were not seen in the type 
material. 
Macrogametocytes (Figs. 1--8): Gametocytes grow along nuclei of 
erythrocytes, displacing nuclei laterally; closely associated with both nuclei 
and envelope of erythrocytes. Growing gametocytes do not fill erythro-
cytes up to their poles (Figs. 2, 3), a characteristic feature of this species' 
development. Fully grown gametocytes halteridial, slightly enclosing 
erythrocyte nuclei with their ends and displacing them laterally, but do not 
encircle nuclei completely; fill erythrocytes up to their poles (Figs. 4-8). 
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TABLE I. Morphometry of host cells and mature gametocytes of 4 new species of Haemoproteus from African birds. 
Feature 
U ninfected erythrocyte 
Length 
Width 
Area 
Uninfected erythrocyte nucleus 
Length 
Width 
Area 
Macrogametocyte 
Infected erythrocyte 
Length 
Width 
Area 
Infected erythrocyte nucleus 
Length 
Width 
Area 
Gametocyte 
Length 
Width 
Area 
Gametocyte nucleus 
Length 
Width 
Area 
Pigment granules 
NDRt 
Microgametocyte 
Infected erythrocyte 
Length 
Width 
Area 
Infected erythrocyte nucleus 
Length 
Width 
Area 
Gametocyte 
Length 
Width 
Area 
Gametocyte nucleus 
Length 
Width 
Area 
Pigment granulest 
NDR 
H. micronuclearis 
10.4-11.9 (11.3 ± 0.5) 
5.4-6.6 (6.0 ± 0.3) 
48.7-65.0 (55.7 ± 4.0) 
4.2-5.7 (5.1 ± 0.4) 
1.7-2.3 (2.0 ± 0.2) 
6.7-10.6 (9.0 ± 1.0) 
11.9-13.2 (12.4 ± 0.3) 
5.5-7.0 (6.3 ± 0.4) 
52.3-69.7 (62.9 ± 4.5) 
5.1-5.9 (5.4 ± 0.2) 
1.6-2.0 (1.8 ± 0.1) 
7.8-10.0 (8.7 ± 0.5) 
12.4-14.1 (13.4 ± 0.4) 
2.0-3.5 (2.7 ± 0.3) 
34.2-49.0 (40.6 ± 4.0) 
2.1-3.8 (3.2 ± 0.3) 
1.2-2.8 (2.0 ± 0.4) 
3.3-6.1 (4.6 ± 0.7) 
8.0-16.0 (13.0 ± 2.0) 
0.5-1.0 (0.7 ± 0.1) 
11.7-13.6 (12.4 ± 0.4) 
6.0-7.4 (6.6 ± 0.4) 
56.8-73.7 (66.0 ± 4.2) 
4.8-6.0 (5.3 ± 0.3) 
1.5-2.4 (1.7± 0.2) 
6.5-9.3 (8.1 ± 0.8) 
12.2-13.8 (12.9 ± 0.5) 
2.5-3.6 (3.0 ± 0.3) 
36.1-48.9 (42.4 ± 3.6) 
1.4-3.3 (2.3 ± 0.4) 
0.8-1.8 (1.1 ± 0.2) 
1.6-2.9 (2.2 ± 0.4) 
10.0-16.0 (12.7 ± 1.9) 
0.6-0.9 (0.7 ± 0.1) 
Measurements * 
H. nucleofascialis 
10.4-12,2 (1l,5 ± 0.5) 
6.1-7.4 (6.7 ± 0.4) 
51.3-70.2 (61.2 ± 5.3) 
4.7-6.0 (5.3 ± 0.3) 
2.0-2.5 (2.2 ± 0.2) 
8.9-13.1 (10.3 ± 1.0) 
11.0-13.0 (11.9 ± 0.4) 
6.3-7.9 (6.9 ± 0.4) 
57.7-72.9 (64.9 ± 3.9) 
4.8-6.0 (5.4 ± 0.4) 
1.8-2.6 (2.2 ± 0.2) 
8.4-11.4 (10.0 ± 0.8) 
10.2-12.1 (11.1 ± 0.5) 
2.3-4.0 (3.2 ± 0.4) 
24.1-40.3 (34.0 ± 4.3) 
1.9-3.2 (2.5 ± 0.4) 
1.1-2.1 (1.7 ± 0.3) 
1.9-4.6 (3.2 ± 0.7) 
8.0-12.0 (10.0 ± 1.2) 
0.4-0.9 (0.6 ± 0.1) 
11.3-13.5 (12.3 ± 0.6) 
5.8-7.3 (6.7 ± 0.3) 
55.4-71.9 (65.6 ± 4.3) 
4.6-6.4 (5.5 ± 0.4) 
1.9-2.5 (2.2 ± 0.2) 
9.2-12.0 (10.4 ± 0.8) 
11.0-13.8 (12.3 ± 0.7) 
2.3-4.0 (3.0 ± 0.4) 
32.0-42.2 (36.8 ± 2.8) 
2.2-6.3 (4.5 ± 1.0) 
0.5-1.3 (0.8 ± 0.2) 
1.8-3.3 (2.5 ± 0.4) 
3.0-11.0 (7.9 ± 2.0) 
0.2-1.0 (0.6 ± 0.2) 
H. paranucleophilus 
10.4-12.2 (1l.5 ± 0.5) 
6.1-7.4 (6.7 ± 0.4) 
51.3-70.2 (61.2 ± 5.3) 
4.7-6.0 (5.3 ± 0.3) 
2.0-2.5 (2.2 ± 0.2) 
8.9-13.1 (10.3 ± 1.0) 
11.8-13.7 (12.8 ± 0.5) 
5.7-7.2 (6.4 ± 0.5) 
56.4-76.0 (67.5 ± 5.7) 
3.8-6.2 (5.0 ± 0.5) 
1.8-2.5 (2.2 ± 0.2) 
8.1-11.7 (9.7 ± 0.9) 
11.6-13.6 (12.6 ± 0.7) 
0.8-1.4 (1.1 ± 0.2) 
14.9-20.2 (17.6 ± 1.4) 
1.8-3.2 (2.5 ± 0.4) 
1.1-2.2 (1.5 ± 0.3) 
1.6-4.2 (3.1 ± 0.6) 
9.0-13.0 (10.2 ± 1.2) 
0.7-1.2 (0.9 ± 0.1) 
12.1-14.1 (13.2 ± 0.6) 
5.5-7.1 (6.4 ± 0.4) 
56.4-80.2 (69.0 ± 5.4) 
4.3-5.6 (4.9 ± 0.3) 
1.9-2.4 (2.2 ± 0.1) 
7.5-11.4 (9.3 ± 0.9) 
13.7-15.7 (14.9 ± 0.5) 
0.9-1.8 (1.3 ± 0.3) 
20.5-27.6 (23.8 ± 1.6) 
0.7-1.2 (1.0 ± 0.1) 
H. homobelopolskyi 
9.8-11.5 (10.5 ± 0.5) 
6.0-7.2 (6.5 ± 0.3) 
45.4-62.5 (53.8 ± 4.4) 
4.3-5.4 (4.8 ± 0.3) 
2.0-2.7 (2.4 ± 0.2) 
8.7-10.6 (9.6 ± 0.5) 
10.2-12.7 (11.7 ± 0.5) 
5.3-7.2 (6.6 ± 0.5) 
43.3-70.0 (62.1 ± 5.4) 
4.0-5.7 (5.0 ± 0.4) 
1.5-2.4 (2.0 ± 0.2) 
7.4-10.0 (9.0 ± 0.7) 
15.5-19.1 (17.0 ± 1.1) 
1.4-3.8 (2.4 ± 0.5) 
36.5-49.7 (43.0 ± 3.9) 
2.1-3.6 (2.7 ± 0.4) 
1.5-2.2 (1.9 ± 0.2) 
3.0-4.7 (3.8 ± 0.4) 
12.0-18.0 (14.6 ± 1.4) 
0.4-0.9 (0.7 ± 0.1) 
11.0-13.0 (12.0 ± 0.5) 
6.1-7.6 (6.9 ± 0.4) 
52.9-72.1 (64.8 ± 4.7) 
4.2-6.0 (5.0 ± 0.4) 
1.5-2.4 (2.0 ± 0.2) 
7.1-9.9 (8.5 ± 0.7) 
14.5-18.9 (16.6 ± 1.1) 
2.2-3.1 (2.8 ± 0.2) 
31.9-52.4 (44.1 ± 4.5) 
7.7-12.4 (9.6 ± 1.3) 
1.3-2.7 (2.2 ± 0.3) 
10.2-22.1 (15.0 ± 3.3) 
13.0-22.0 (17.5 ± 2.8) 
0.7-1.0 (0.8 ± 0.1) 
* All measurements (n = 21) are given in micrometers. Minimum and maximum values are provided. followed in parentheses by the arithmetic mean and SD. 
t NDR = nucleus displacement ration according to Bennett and Campbell (1972). 
t Because of aggregation of pigment granules in prominent masses, their number was not calculated in microgametocytes of H. paranucieophilus. 
Parasite nucleus compact, variable in shape, but more often oval, and sub-
terminal in position (Figs. 2-8). Nucleolus not observed. Pigment granules 
roundish or slightly oval and of medium size (0.5-1 11m). Mostly randomly 
scattered throughout cytoplasm but sometimes grouped (Figs. 2, 4, 5). In 
majority of gametocytes, they are of sister-size and shape, a characteristic 
feature of this species. Outline of gametocytes even. Cytoplasm blue, 
homogeneous in appearance, usually possess small «0.5-llm) vacuoles; 
volutin present and looks dark violet, with prominent clumps irregularly 
scattered throughout cytoplasm. 
Microgametocytes (Figs. 9-16): General configuration as for macroga-
metocytes, with main hemosporidian sexually dimorphic characters. Parasite 
nuclei diffuse in growing gametocytes (Figs. 9-11); begin to compress in 
advanced gametocytes (Fig. 12) and then markedly compressed in fully 
grown gametocytes. Nuclei of fully grown gametocytes include distinct red 
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FIGURES 1~16. Haemoproteus (Parahaemoproteus) micronuclearis sp. nov. from the blood of red-billed quelea (Quelea quelea). (l-S) 
Macrogametocytes. (9~16) Microgametocytes. Long arrows, nuclei of parasites. Arrowheads, clamps of volutin. Giemsa-stained thin blood films. 
Bar = 10 !Lm. 
spots of variable shape (Figs. 13~16) but never assume band-like forms; not 
associated with either the nuclei or envelope of erythrocytes (Figs. 13~ 16). 
Length, width, and area of nuclei of fully grown microgametocytes 
(Figs. 13~ 16) significantly less than same parameters of macrogametocyte 
nuclei (Table I; P < 0.001 for each feature). Sister-size and sister-shape of 
pigment granules clearly evident in fully grown gametocytes (Figs. 13~ 16) . 
Taxonomic summary 
Type host: Red-billed quelea (Quelea quelea L. [Passeriformes, 
PloceidaeJ). 
Type locality: Queen Elizabeth National Park (0° 17.8'S, 300 3.0'E, 
1,000 m above sea level) Uganda. 
Type specimens: Hapantolype (accession 6916 NS, intensity of 
parasitemia is approximately 0.1 %, lineage HV36, GenBank HQ386235, 
Q. quelea, Queen Elizabeth National Park, Uganda, 0017.8 'S, 3003.0'E, 
collected by G. Valkiunas, 19 July 2003) is deposited in the Institute of 
Ecology, Nature Research Centre, Vilnius, Lithuania. Parahapantotypes 
(accessions 6917 NS and G465455) are deposited in the Institute of 
Ecology, Nature Research Centre, and in the Queensland Museum, 
Queensland, Australia, respectively. Fully grown gametocytes are marked 
by circles on the hapantotype and parahapantotype slides. 
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Additional material: Two blood films (accessions G465457 and 
G465459, intensity of parasitemia is 1 %, Ploceus melanocephalus, Queen 
Elizabeth National Park, 0017.8'S, 3003.0'E, lineage HV37, collected by 
G. Valkiiinas, 19 July 2003) are deposited in the Queensland Museum. 
DNA sequences: Mitochondrial cyt b lineages HV36, HV37, HV38, 
HV39, and HV40, (GenBank HQ386235, HQ386236, HQ386237, 
HQ386238, and HQ386239, respectively). 
Site of infection: Mature erythrocytes; no other data. 
Prevalence: One of 1 investigated red-billed quelea was infected at the 
type locality. 
Distribution and additional hosts: According to this study and GenBank 
data, H. micronuclearis was recorded in 1 black-headed weaver (lineage 
GenBank HQ386236) in the type locality and 1 Vieillot's weaver (Ploceus 
nigerrimus) in Cameroon (HQ386237, HQ386238, and HQ386239). 
Closely related lineage WAH33 (EU810735; genetic distance from all 
lineages of H. micronuclearis is <0.01%) was recorded in red-headed 
quelea (Quelea erythrops) in Gabon (Beadell et aI., 2009). It is probable 
that H. micronuclearis is widespread in sub-Saharan Africa. Transmission 
of the parasite certainly occurs among birds belonging to Quelea and 
Ploceus; other hosts are unknown. 
Etymology: The species name reflects the small size and compactness of 
nuclei in fully grown microgametocytes (Figs. 13-16); the most distinctive 
feature of H. micronuclearis. 
Remarks 
Macrogametocytes of H. micronuclearis are similar to macrogameto-
cytes of many other species of avian hemoproteids (Valkiiinas, 2005), so 
this parasite can hardly be distinguished solely on morphology of these 
blood stages. However, it can be readily distinguished from other species 
of avian hemoproteids by the tiny, compact microgametocyte nuclei; they 
are approximately half the size of nuclei in macrogametocytes (Table I). 
Such compact microgametocyte nuclei are a rare character for hemospor-
idian parasites. Among avian hemoproteids, the compression of nuclear 
material in mature microgametocytes has been reported only in 
Haemoproteus payevskyi, which probably is only transmitted in Africa 
(Valkiiinas, 2005). The latter species can be readily distinguished from H. 
micronuclearis by the median position of nuclei both in macro- and 
microgametocytes, and the grouping of pigment granules into loose 
clumps located close to the ends of gametocytes. Genetic divergence 
among different lineages of H. micronuclearis and H. payevskyi varies 
between 5.5 and 6%. 
Haemoproteus (Parahaemoproteus) nuc/eofascialis n. sp. 
(Figs. 17-32; Table I) 
Diagnosis: Young gametocytes (Figs. 17-19): Develop in mature 
erythrocytes. Earliest forms not observed in type material. With 
development (size greater than erythrocyte nuclei), gametocytes closely 
associate with nuclei of infected erythrocytes. They do not touch envelope 
of erythrocytes along entire margin (Figs. 17-19), a characteristic feature 
of this species' development. Parasite nucleus prominent, sub-terminal 
(Fig. 18) or terminal (Figs. 17, 19) in position. Pigment granules medium 
size (0.5-1 Iffil), roundish or slightly oval, dark brown or black, and 
frequently grouped (Figs. 18, 19). Outline even and volutin granules 
present. Growing gametocytes displace erythrocyte nuclei laterally 
(Figs. 17-19). 
Macrogametocytes (Figs. 20-24): Gametocytes grow along nuclei of 
erythrocytes, displacing nuclei laterally; closely associated with both 
nucleus and envelope of erythrocytes. Growing gametocytes slightly 
enclose erythrocyte nuclei with their ends; do not fill erythrocytes up to 
their poles (Figs. 20-23), but fully grown gametocytes occupy all, or 
nearly all, cytoplasmic space on poles of erythrocytes (see Fig. 24 and also 
micro gametocyte in Fig. 32). Fully grown gametocytes halteridial, and 
only slightly enclose erythrocyte nuclei with their ends, but they markedly 
displace them laterally (Fig. 24). Parasite nucleus compact, markedly 
variable in shape, and sub-terminal (Figs. 20, 21, 23, 24) or terminal 
(Fig. 22) in position. Nucleolus not observed. Pigment granules roundish 
or slightly oval, dark brown, of medium size (0.5-1 11m), usually randomly 
scattered throughout cytoplasm (Figs. 20, 23, 24), although sometimes 
grouped (Figs. 21,22). Individual granules markedly variable in size (non-
sister-size). Outline of gametocytes even (Figs. 23, 24) or slightly angular 
(Figs. 20-22). Cytoplasm blue, homogeneous in appearance, usually lacks 
visible vacuoles, and possesses dark violet volutin granules. 
Microgametocytes (Figs. 25-32): General configuration as for macro-
gametocytes, with main hemosporidian sexually dimorphic characters. 
Parasite nucleus diffuse in growing gametocytes (Fig. 25). Nuclei begin to 
compress as parasite matures (Fig. 26). In fully grown gametocytes, nuclei 
markedly compressed, and usually assume band-like shape, closely 
associated with parasite pellicle located close to erythrocyte envelope 
(Figs. 27-31); these 2 attributes of gametocyte nuclei distinctive morpho-
logical characters of this species. Occasionally, nuclei assume irregular 
shape but are still closely associated with gametocyte pellicle close to 
erythrocyte envelope (Fig. 28). Area of micro gametocyte nuclei signifi-
cantly less than that of macrogametocytes (Table I; P < 0.001), a rare 
character for bird hemosporidian parasites. 
Taxonomic summary 
Type host: Red-headed malimbe (Malimbus rubricollis L. [passeri-
formes, Ploceidae]). 
Type locality: Kibale National Park (0034.7'N, 30021.3'E, 1,580 m 
above sea level), Uganda. 
Type specimens: Hapantotype (accession 6465 NS, intensity of 
parasitemia is approximately 0.01%, lineage HV44, GenBank 
HQ386243, M. rubricollis, Kibale National Park, Uganda, collected by 
G. Valkiiinas, 12 July 2003) and parahapantotype (accession 6463 NS) are 
deposited in the Institute of Ecology, Nature Research Centre. Fully 
grown gametocytes are marked by circles on the hapantotype and 
parahapantotype slides. 
DNA sequences: Mitochondrial cyt b lineages HV44 and HV45 
(GenBank HQ386243 and HQ386244, respectively). 
Site of irifection: Mature erythrocytes; no other data. 
Prevalence: One of 1 investigated red-headed malimbe was infected in 
the type locality. 
Distribution and additional hosts: According to our study and the 
GenBank data, the lineage HV45 (GenBank HQ386244) was recorded in 1 
black-headed weaver in the Queen Elizabeth National Park. A closely 
related lineage WAHll (EU810731, genetic distance between WAHll and 
2 lineages of H. nucleofascialis is between 0.021 and 0.004%) was recorded 
in Gray's malimbe (Malimbus nitens) in Gabon (Beadell et aI., 2009). It is 
probable that H. nucleofascialis is widespread in sub-Saharan Africa. 
Transmission of the parasite certainly occurs among birds belonging to 
species of Ploceus and Malimbus. 
Etymology: The species name reflects the compact, band-like shape of 
nuclei in fully grown microgametocytes. This is the most distinctive 
character of H. nucleofascialis. 
Remarks 
Haemoproteus nucleofascialis should be distinguished from avian 
hemoproteid species that possess halteridial gametocytes by the following 
features of their growth: (1) the growing gametocytes (size greater than 
erythrocyte nuclei) are closely appressed to erythrocyte nuclei but do not 
touch the erythrocyte envelope along their entire margin (Figs. 17,18) and 
(2) the fully grown gametocytes are closely appressed both to nuclei and 
envelope of erythrocytes (Figs. 23, 24). Twenty-four hemoproteid species 
with such gametocytes are known to parasitize birds (see Valkiiinas, 2005; 
Valkiiinas et aI., 2008; Iezhova et aI., 2010): H. aegithinae, H. africanus, H. 
attenuatus, H. bubalornis, H. buteonis, H. coatneyi, H. cyanomitrae, H. 
eurystomae, H. formicarius, H. kairullaevi, H. manwelli, H. minutus, H. 
monarchus, H. neseri, H. otocompsae, H. pachycephalus, H. porzanae, H. 
quiscalus, H. sanguinis, H. sequeirae, H. tyranni, H. vacuolatus, H. vireonis, 
and H. xantholaemae. Haemoproteus nucleofascialis can be readily 
distinguished from these parasites due to its band-like, and markedly 
compressed, microgametocyte nuclei. These nuclei associate closely with 
the pellicle and have an area significantly less than is observed in 
macrogametocytes (Table I). Compression of nuclear material in micro-
gametocytes has been reported in H. payevskyi and H. micronuclearis (see 
Remarks to H. micronuclearis). Haemoproteus nucleofascialis can be 
readily distinguished from these parasites by the following characters: (1) 
the presence of growing gametocytes (of a size greater than erythrocyte 
nuclei) that do not touch the envelope of erythrocytes along their entire 
margin (Figs. 17, 18, 25, 26), (2) the terminal position of nuclei in 
macrogametocytes (Figs. 17, 19, 22), and (3) the band-like shape of 
microgametocyte nuclei that are located close to the erythrocyte envelope. 
None of these readily distinguishable features is seen in H. payevskyi or H. 
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FIGURES 17-32. Haemoproteus (Parahaemoproteus) nucleofascialis sp. nov. from the blood of red-headed malimbe (Malimbus rubricollis). (17-19) 
Young gametocytes. (20-24) Macrogametocytes. (25-32) Microgametocytes. Long arrows, nuclei of parasites. Short arrows, unfilled spaces among 
growing gametocytes and envelope of infected erythrocytes. Arrowheads, clumps of volutin. Giemsa-stained thin blood films. Bar = 10 )lm. 
micronuclearis. The genetic distance between different cyt b gene lineages 
of H. nueleofascialis and H. payevskyi range from 5.1 to 6.0%, and the 
distance between H. nucleofascialis and H. micronuclearis lineages range 
from 2.3 to 4.1%. 
Haemoproteus (Parahaemoproteus) paranucleophilus n. sp. 
(Figs. 33-44; Table I) 
Diagn"sis: Young game/oeyles (Fig. 33): Develop in mature erythro-
cytes, usually lateral to the nuclei of infected erythrocytes, lying slightly 
asymmetrically to nuclei, so that I end of nucleus covered by parasites 
more than other end (Fig. 33). From early stages of development, 
gametocytes closely appressed to erythrocyte nuclei but do not touch 
envelopes of erythrocytes along their entire margin. Pigment granules 
small «0.5 )lID), golden brown, and tend to group. Volutin granules not 
observed. Outline of growing gametocytes even or slightly irregular. 
Influence of gametocytes on infected erythrocytes not pronounced. 
Macrogame/ocy/es (Figs. 34-40): Extend around nuclei of erythro-
cytes, with slender halteridial bodies «1.5 )lm in width in average) and 
even (Figs. 38-40) or slightly irregular (Figs. 34-36) outlines. Cytoplasm 
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FIGURES 33-44. Haemoproteus (Parahaemoproteus) paranucleophilus sp. nov. from the blood of red-headed malimbe (Malimbus rubricollis). (33) 
Young gametocyte. (34-40) Macrogametocytes. (41-44) Microgametocytes. Long arrows, nuclei of parasites. Short arrows, unfilled spaces among 
gametocytes and envelope of infected erythrocytes. Giemsa-stained thin blood films. Bar = 10 !lm. 
blue, homogeneous in appearance, and lacking volutin granules and 
visible vacuoles. A few vacuole-like light spaces seen in some gametocytes 
(Fig. 37). Gametocytes closely appressed to nuclei of erythrocytes but do 
not touch envelope of erythrocytes along entire margin; slightly displace 
nuclei of erythrocytes laterally and enclose nuclei up to three-fourths of 
their circumference. Dumbbell-shaped (with thickenings at ends) and 
circumnuclear gametocytes absent. Even fully grown gametocytes do not 
extend to envelope of erythrocytes and do not fill erythrocytes up to their 
poles. Thus, prominent unfilled space present between gametocytes and 
envelope of infected erythrocytes (Figs. 38-40). Parasite nucleus promi-
nent (Table I), variable in form, frequently irregular in shape, and sub-
terminal in position (Figs. 36-40). Nucleolus not observed. Pigment 
granules of medium size (0.5- 1.0 !lm), roundish or oval, golden brown, 
and usually randomly scattered throughout cytoplasm (Figs. 36, 38, 39) 
but sometimes also grouped. Outline of gametocytes even (Figs. 37-40) or 
slightly irregular (Figs. 34-36), but more frequently the former. Influence 
of fully grown gametocytes on infected erythrocytes only slightly, if at all, 
visible (Table J). 
Microgametocytes (Figs. 41-44): General configuration as for macro-
gametocytes with usual hemosporidian sexually dimorphic characters. 
Nucleus markedly diffuse and therefore difficult to measure. Diffusion of 
nuclear material increases as parasite matures (compare Figs. 41-44), 
resulting in rose-colored cytoplasm in advanced gametocytes (Fig. 44). 
Pigment granules lighter in color than those of macrogametocytes. Gather 
close to ends of gametocytes and usually grouped (Figs. 41-43) or 
aggregated in prominent masses (Fig. 44), making them difficult to count. 
Area of such pigment aggregations varies between 0.9 and 1.7 !lm2 (1.3 ± 
0.2 !lm2 on average). 
Taxonomic summary 
Type host: Red-headed malimbe (Malimbus rubricollis L. [Passeri-
formes, Ploceidae]). 
Type locality: Kibale National Park (0034.7'N, 300 21.3'E, 1,580 m 
above sea level), Uganda. 
Type specimens: Hapantotype (accession 6464 NS, intensity of 
parasitemia is approximately 0.01%, lineage HV43, GenBank 
HQ386242, M. rubricollis, Kibale National Park, Uganda, collected by 
G. Valkiiinas, 12 July 2003) is deposited in the Institute of Ecology, 
Nature Research Centre. Fully grown gametocytes are marked by circles 
on the hapantotype slide. 
DNA sequences: Only I lineage has been recorded (see Type specimens). 
Site of infection: Mature erythrocytes; no other data. 
Prevalence: One of I investigated red-headed malimbe was infected in 
the type locality. 
Distribution and additional hosts: According to the GenBank data, 
closely related lineage WAH38 (EU810752, genetic distance between the 
lineage of H. paranucleophilus is 0.02%) was recorded in Vieillot's black 
weaver and village weaver (Ploceus cucullatus) in Gabon (Beadell et aI., 
2009). It is probable that this parasite is widespread in sub-Saharan Africa. 
Etymology: The species name reflects the similarity in morphological 
features of gametocytes of this parasite to those of H. nucleophilus. 
Remarks 
The most distinctive feature of H. paranucleophilus is the presence of a 
prominent unfIlled space between the pellicle of the gametocyte and the 
envelope of the infected erythrocyte at all stages of development in the 
blood (Figs. 33-44). This parasite should be distinguished from avian 
hemoproteid species with halteridial gametocytes that are closely 
appressed to the erythrocyte nuclei and do not touch the erythrocyte 
envelope along their entire margin at all stages of their development, 
including fully grown gametocytes. Three hemoproteid species with such 
gametocytes parasitize birds, i.e., H. bi/obata, H. philippinensis, and H. 
nucleophilus (see Valkiiinas, 2005). Haemoproteus bi/obata and H. 
philippinensis can be readily distinguished from H. paranucleophilus 
primarily due to the presence of markedly dumbbell-shaped (with 
prominent thickenings at the ends) mature gametocytes; such gametocytes 
are absent from the latter species. 
Gametocytes of H. paranucleophilus are particularly similar to H. 
nucleophilus (Bennett and Bishop, 1990), which is reflected in the species 
name. Pigment granules in mature gametocytes of H. nucleophilus 
frequently are gathered in groups of rosette-like, fan-like, star-like, or 
another form. This is not a character of H. paranucleophilus. 
Haemoproteus (Parahaemoproteus) homobelopolskyi n. sp. 
(Figs. 45--60; Table I) 
Diagnosis: Young gametocytes (Figs. 45, 53): Earliest gametocytes 
indistinguishable from same stages of H. belopolskyi and H. parabelo-
polskyi, as described by Valkiiinas (2005) and Valkiiinas et al. (2007), 
respectively. 
Macrogametocytes (Figs. 46-52): Mode of growth, position in infected 
erythrocytes, and other morphological features of macrogametocytes 
indistinguishable from same stages of H. belopolskyi and H. parabelo-
polskyi, as described by Valkiiinas (2005) and Valkiiinas et al. (2007), 
respectively, with I exception. The average area of macrogametocyte 
nuclei (Table I) approximately 1.5 times greater (P < 0.001) than in H. 
parabelopolskyi (Valkiiinas et aI., 2007). 
Microgametocytes (Figs. 53--60): General configuration as for macro-
gametocytes with usual sexual dimorphic characters. Mode of growth and 
position in infected erythrocytes as well as other morphological features of 
microgametocytes indistinguishable from same features of H. belopolskyi 
and H. parabelopolskyi, as described by Valkiiinas (2005) and Valkiiinas et 
al. (2007), respectively, with I exception. Average number of pigment 
granules in microgametocytes of H. homobelopolskyi (Table I) significant-
ly greater than in microgametocytes of H. belopolskyi (the number is 11; P 
< 0.001) and H. parabelopolskyi (the number is 9; P < 0.001). 
Taxonomic summary 
Type host: Black-headed weaver (Ploceus melanocephalus L. [passer-
iformes, Ploceidae]). 
Type locality: Queen Elizabeth National Park (0017.8/S, 3003.0/E, 
1,000 m above sea level) Uganda. 
Type specimens: Hapantotype (accession 6937 NS, intensity of 
parasitemia is 3%, lineage HV42, GenBank HQ386241, P. melanocepha-
Ius, Queen Elizabeth National Park, Uganda, collected by G. Valkiiinas, 
19 July 2003) is deposited in the Institute of Ecology, Nature Research 
Centre. Parahapantotypes (accessions 6938 NS and G465461) are 
deposited in the Institute of Ecology, Nature Research Centre, and in 
the Queensland Museum, respectively. Fully grown gametocytes are 
marked by circles on the hapantotype and parahapantotype slides. 
Additional material: Three blood fIlms (accessions G465462, G465463, 
and G465464), intensity of parasitemia is 0.2%, Ploceus pelzelni, Queen 
Elizabeth National Park, Uganda, 0017.8/S, 3003.0/E, lineage HV41, 
GenBank accession no. HQ386240, collected by G. Valkiiinas, 19 July 
2003, are deposited in the Queensland Museum. 
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DNA sequences: Mitochondrial cyt b lineages HV41 and HV42 
(GenBank HQ386240 and HQ38641, respectively). 
Site of infection: Mature erythrocytes; no other data. 
Prevalence: Two of 2 investigated black-headed weavers were infected in 
the type locality. 
Distribution and additional hosts: According to our study and the 
GenBank data, lineage HV40 was recorded in I slender-billed weaver in 
the type locality and in I Vieillot's weaver in Cameroon. In addition, a 
closely related lineage W AH34 (EU810732; genetic distance from the 
lineages of H. homobelopolskyi is between 0.010 and 0.013%) was recorded 
in Vieillot's weaver in Gabon (Beadell et aI., 2009). It is probable that this 
parasite has wide distribution in sub-Saharan Africa. So far, this parasite 
has been recorded only in species of Ploceus. 
Etymology: The species name reflects the marked similarity of 
morphological and morphometric features of gametocytes of this parasite 
to those of H. belopolskyi and H. parabelopolskyi. 
Remarks 
Morphology of H. homobelopolskyi n. sp. was compared with the 
hapantotype specimens of H. belopolskyi and H. parabelopolskyi 
(accessions 435.85p and 15317 NS in the collection of Institute of 
Ecology, Nature Research Centre, respectively). The most distinctive 
feature of development of H. homobelopolskyi is the presence of 
circumnuclear or close to circumnuclear gametocytes, in which the pellicle 
does not extend to the erythrocyte envelope; this causes a "dip" and gives 
the gametocyte a dumbbell-like appearance (Fig. 52). Such dips have been 
recorded in growing gametocytes of many species of avian hemoproteids, 
but they are exceptionally rare in circumnuclear forms. Based on these 
characters, H. homobelopolskyi can be readily distinguished from all other 
avian hemoproteids, except for H. belopolskyi and H. parabelopolskyi. The 
main morphological differences among these 3 species are given in the 
description of H. homobelopolskyi. Importantly, fully grown microgame-
tocytes of H. belopolskyi, H. parabelopolskyi, and H. homobelopolskyi 
never assume the dumbbell-like appearance (Figs. 59, 60); thus, they are 
different in this character from their macrogametocytes (Figs. 50, 52). 
The genetic distance in cyt b gene between 2 lineages of H. 
homobelopolskyi, on one hand, and the lineages of H. belopolskyi or H. 
parabelopolskyi, on the other hand (see Fig. 61), ranges between 6.0 and 
7.7% and 6.3 and 7.1%, respectively. Thus, H. homobelopolskyi can be 
readily distinguished from both H. belopolskyi and H. parabelopolskyi also 
based on their cyt b sequences. 
Phylogenetic relationships of parasites 
All new species of avian hemoproteids are clearly distinguishable in the 
phylogenetic tree (Fig. 61, clade B), which corresponds to their 
morphological differences. In addition, they form a distinct clade and 
seem to be related phylogenetically based on cyt b gene analysis. All 
lineages of the new species cluster with lineages of Culicoides spp.-
transmitted species of Haemoproteus (Parahaemoproteus) spp., so they 
probably belong to the subgenus Parahaemoproteus. 
Because parasites of 2 H. homobelopolskyi lineages, 5 H. micronuclearis 
lineages, and 2 H. nucleofascialis lineages are closely related (Fig. 61) and 
are indistinguishable based on morphology of their blood stages, we 
consider these lineages as intraspecies genetic variation of the correspond-
ing morphospecies. Genetic distance in cyt b gene among different lineages 
of H. micronuclearis ranges between 0.4 and 1.6%; it is <0.6% for the 
majority of lineages of this parasite. The genetic distance of this gene 
between 2 lineages of H. homobelopolskyi is 0.6% but is 2.1 % between 2 
lineages of H. nucleofascialis. 
The genetic distance among lineages of 4 new species of hemoproteids 
ranges between I and 4.7%. The genetic distance among new species and 
other readily morphologically distinguishable hemoproteid species, shown 
in Figure 61, ranges between 2.7 and 14.3% and is >5% for the majority 
of these species. 
DISCUSSION 
Haemoproteus micronuclearis, H. nucleofascialis, H. paranu-
cleophilus, and H. homobelopolskyi were attributed to the 
subgenus Parahaemoproteus because cyt b lineages of this parasite 
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FIGURES 45-60. Haemoproteus (Parahaemoproteus) homobelopolskyi sp. nov. from the blood of black-headed weaver (Ploceus melanocephalus). (45, 
53) Young gametocytes. (46-52) Macrogametocytes. (54-60) Microgametocytes. Long arrows, nuclei of parasites. Short arrows, dips between pellicle of 
gametocytes and envelope of erythrocytes. Arrowheads, clamps of volutin. Giemsa-stained thin blood films. Bar = 10 !Lm. 
cluster well with the lineages of Culicoides spp.-transmitted species 
of hemoproteids but not to the lineages of the hippoboscid-
transmitted species Haemoproteus columbae and Haemoproteus 
multipigmentatus that belong to the subgenus Haemoproteus 
(Fig. 61). In addition, only hemoproteids of the subgenus 
Parahaemoproteus spp. are known to develop in passeriform 
birds (Valkiunas, 2005). Hemoproteids of the subgenera Para-
haemoproteus and Haemoproteus are transmitted by species of 
Ceratopogonidae and Hippoboscidae, respectively. They undergo 
different modes of gametogenesis and sporogony in the vectors 
(Bennett et a!., 1965; Atkinson, 1991; Valkiunas, 2005); thus, they 
usually present in different clades in phylogenetic trees based on 
cyt b gene (Martinsen et a!., 2008; Iezhova et a!., 20 I 0; Santiago-
Alarcon et a!., 2010; Valkiunas, Santiago-Alarcon et a!., 2010). 
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FIGURE 61. Bayesian phylogeny of 53 mitochondrial cytochrome b lineages of Haemoproteus spp. and 5 lineages of Plasmodium spp. Two lineages of 
Leucocytozoon schoutedeni are used as outgroups. Posterior probabilities >0.6 are indicated near the nodes. GenBank accessions are given after parasite 
species names, with the names of new species in bold. Branch lengths are drawn proportionally to the amount of changes (scale bars are shown). Vertical 
bars A and B indicate hemoproteid species belonging to the subgenera Haemoproteus and Parahaemoproteus, respectively. 
According to most recent phylogenies (Santiago-Alarcon et aI., 
2010; Valkiunas, Santiago-Alarcon et aI., 2010), Parahaemopro-
teus and Haemoproteus are sister groups of avian hemoproteids, 
so the traditional subgeneric classification of avian hemoproteids 
(see Levine and Campbell, 1971; Valkiiinas, 2005) remains valid. 
Vector species for H. micronuclearis, H. nucleofascialis, H. 
paranucleophilus, and H. homobelopolskyi need to be identified; 
phylogenetic relationships of detected lineages (Fig. 61) show that 
Culicoides spp. should be incriminated first. 
We used only positively identified morphospecies of avian 
hemoproteids in the phylogenetic analysis (Fig. 61). Genetic 
distances among all cyt b lineages of 4 new species, on the one 
hand, and the lineages of hippoboscid-transmitted H. columbae 
and H. multipigmentatus, on the other hand (Fig. 61, clade A), are 
> 11 %. Genetic divergence among the lineages of 4 new species, 
on the one hand, and the lineages of other morphospecies 
belonging to the subgenus Parahaemoproteus, on the other hand 
(Fig. 61, clade B), is >5% for the majority of the readily 
distinguishable morphospecies. This is in accordance with the 
hypothesis of Hellgren et aI. (2007) and recent data from Iezhova 
et aI. (2010) and Valkiunas, Sehgal et aI. (2010) that hemospori-
dian species with a genetic distance greater than 5% in the 
mitochondrial cyt b gene tend to be morphologically differenti-
ated. However, this pattern works only 1 direction; there are 
numerous readily distinguishable morphospecies with genetic 
divergence <5% among their lineages, and as small as < 1 % in 
some species (see Hellgren et aI., 2007; Valkiunas et aI., 2009; 
Iezhova et aI., 2010), as also was recorded during this study. 
Interestingly, even in cases of great genetic distance in the cyt b 
gene, morphological differentiation might be small and visible in 
single characters but still readily distinguishable, as is the case 
among H. homobeloposkyi, H. belopolskyi, and H. parabelopolskyi 
(see Valkiunas et aI., 2007). Accumulation of additional data will 
improve the understanding of phylogenetic trees based on the cyt 
b gene, which is shown to be informative in numerous taxonomic, 
ecological, and evolutionary biology studies of avian hemospori-
dians (Perkins and Schall, 2002; Krizanauskiene et aI., 2006; 
Sehgal et aI., 2006; Palinauskas et aI., 2007; Beadell et aI., 2009; 
Bensch et aI., 2009; Svensson and Ricklefs, 2009; Iezhova et aI., 
2010; Santiago-Alarcon et aI., 2010). 
Bennett et aI. (1972, 1991) proposed a convenient taxonomic 
device that morphologically similar hemoproteids should be 
described and named as new species if they were found in birds 
of different families or even subfamilies. This device was used 
successfully in the beginning of taxonomic revision of the 
Haemoproteidae and also the Leucocytozoidae (Valkiunas and 
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Ashford, 2002); it is still in use in the development of 
Haemoproteus taxonomy at the species level (Barraclough et al., 
2008; Parsons et al., 2010). However, both molecular investiga-
tions (Fallon et al., 2003, 2005; Szymanski and Lovette, 2005; 
Beadell et al., 2009; Latta and Ricklefs, 2010) and molecular 
studies combined with microscopy data (Krizanauskiene et al., 
2006; Svensson and Ricklefs, 2009; Krizanauskiene et al., 2010) 
show that many Haemoproteus spp. lineages are present and 
produce fully grown gametocytes in birds belonging to different 
families of Passeriformes. Haemoproteus majoris and H. coatneyi 
are the best investigated hemoproteids inhabiting passeriform 
birds belonging to several phylogenetically distant families in the 
Palearctic and Nearctic, respectively (Krizanauskiene et al., 2006; 
Svensson and Ricklefs, 2009). Importantly, data from these field 
studies are in accord with former experimental research that 
showed successful development to gametocyte stage of Haemo-
proteus mansoni (=Haemoproteus meleagridis) in birds belonging 
to different families/subfamilies of galliform birds (Atkinson, 
1986) and HaemoproteusJringillae in passeriform birds belonging 
to the Fringillidae and Emberizidae (Valkiunas, 2005). 
It should be noted that numerous Haemoproteus spp. lineages 
have been recorded only in closely related birds of the same family 
(Krizanauskiene et al., 2006; Beadell et al., 2009). Presumably, 
hemoproteids in hosts of different avian families might be 
different species or subspecies. However, that certainly is not a 
rule (see Svensson and Ricklefs, 2009; Krizanauskiene et al., 2010; 
Latta and Ricklefs, 2010); so, to be accepted as valid species, 
hemosporidians also should be shown to be different in characters 
other than natural host range. 
It is worth noting that the narrow host range of avian 
hemoproteids recorded in some field studies might be illusory, 
in part due to the following reasons (KriZanauskiene, 2010). First, 
the relatively high feeding specialization of Parahaemoproteus 
spp. vectors (biting midges of the Culicoides). Many biting midge 
species are more specialized to take bloodmeals on particular 
birds than some mosquito species (Glukhova, 1989; Atkinson, 
1991; Valkiunas, 2005). For example, subspecies of Culex pipiens 
group are widely distributed host generalists and are excellent 
vectors of many species of avian malaria (Kim and Tsuda, 2010; 
Kimura et al., 2010). Thus, the feeding behavior of biting midges 
may be subject to ecological constraints in some environments 
that promote feeding on many species of birds. Ecosystems that 
are particularly rich with respect to vector species and avian hosts 
(e.g., tropical ecosystems) might favor greater diversity in lineages 
of avian hemoproteids that are found in a few avian hosts. This 
warrants further investigation. Second, there is great variation in 
sampling intensity of particular hosts in different studies, 
especially the studies that pool host samples across broad 
geographic regions, often across continents. This may bias 
information about host distribution of lineages, particularly in 
relation to the first statement. In addition, the number of lineages 
from a host species depends on sample size; it increases with the 
total number of hosts investigated or infected (Latta and Ricklefs, 
2010). Transmission of the same lineages of some Haemoproteus 
species among birds belonging to different families can easily be 
detected during population studies on a small geographic scale, 
particularly in relatively simple island ecosystems that are easy to 
control (see Fallon et al., 2003, 2005; Szymanski and Lovette, 
2005; Krizanauskiene et al., 2006; Svensson and Ricklefs, 2009; 
KriZanauskiene et al., 2010; Latta and Ricklefs, 2010). It seems 
that host shifts of Haemoproteus spp. between birds of different 
families are more common in wildlife (Krizanauskiene, 2010) than 
previously suggested (Bennett et al., 1972, 1991). 
Despite the limited information on vertebrate host specificity 
for the majority of species of avian hemoproteids and other 
hemosporidians, it is now clear that the level of specificity 
markedly varies among different Haemoproteus species in birds, 
as is the case with other avian hemosporidian parasites, including 
Plasmodium spp. (Valkiunas, 2005; Palinauskas et al., 2008; 
Beadell et al., 2009; Valkiunas et al., 2009). There are strictly 
specific hemoproteid species (e.g., H. minutus and H. payevskyi 
that parasitize mainly the blackbird (Turdus merula) and several 
species of Acrocephalus, respectively) and parasites of broad 
specificity (e.g., H. majoris parasitizing passeriform birds belong-
ing to the Sylviidae, Paridae, Fringillidae, and Muscicapidae; see 
Hellgren et al., 2007; Bensch et al., 2009; KriZanauskiene et al., 
2010). Furthermore, even if certain hemosporidian lineages are 
reported only in birds of 1 family, they usually do not infect 
representatives of all genera but instead are restricted to certain 
groups of birds (see MalAvi database, Bensch et al., 2009). More 
than 50 Haemoproteus species were described primarily using the 
host-family specificity device in birds of the Passeriformes alone 
(Valkiunas, 2005). However, due to recent numerous records of 
the same Haemoproteus spp. lineages in birds of different families, 
it is clear that natural host range can hardly be accepted as a 
reliable taxonomic character alone. The validity of many 
hemosporidian species that were described using the host-family 
specificity device should be confirmed by other characters. This is 
particularly evident in parasites of passeriform birds, but it also 
was documented experimentally with H. mansoni that infects a 
wide range of galliform birds (Atkinson, 1986). Thus, the naming 
of hemoproteid species based primarily on records of morpho-
logically similar parasites in birds of different families is likely 
putative and provisional. It should be questioned and, preferably, 
discontinued. 
During the description of new hemoproteid species, it is 
important to compare the morphology of the parasites to that 
of already known species in the corresponding subgenus. This is a 
long existing practice in the study of avian Plasmodium species. 
Comparison of parasites developing in birds of the same order is 
particularly important because there is strong molecular and 
experimental evidence that transmission of the same lineages of 
avian Haemoproteus spp. occurs among birds of different families 
but of the same order (Fallon et al., 2005; Szymanski and Lovette, 
2005; Valkiunas, 2005; KriZanauskiene et al., 2006, 2010; 
Svensson and Ricklefs, 2009). We did such a comparison during 
the description of new species in this study in spite of the fact that 
so far all new species have been reported in birds of the Ploceidae. 
Such taxonomic work requires the use of a wide range of 
morphological characters of parasites, good-quality morpholog-
ical material, and standardization of morphological descriptions 
and molecular markers. 
The main obstacle in the identification of hemosporidian 
species is light parasitemia in naturally infected birds (Valkiunas, 
2005). That is why bar-coding of hemosporidian species remains 
an important task, particularly in wildlife malaria studies (Bensch 
et al., 2009). Optimistically, recent advances in PCR-based 
techniques, which are already routine procedures accessible in 
the majority of research laboratories, provide opportunities to 
determine lineages of parasites. Then, using the lineage informa-
tion, it is possible to link light parasitemias of the same parasite in 
different samples with the aim of gaining information about the 
full range of blood stages for morphological analysis. Moreover, 
new molecular techniques provide opportunities to describe 
taxonomic characters in the parasite genomes on the level of 
single cells (Palinauskas et a!., 2010), offering an exciting 
opportunity to develop taxonomy of blood parasites, particularly 
during natural co-infections. 
We encourage the deposition of all good-quality voucher 
specimens of hemosporidian parasites in well-recognized muse-
ums, as well as provision of the accession numbers of in press 
specimens and ideally also in GenBank. This would make 
identifications of hemosporidian species easily repeatable and 
would save material for future taxonomic and other studies. Such 
samples are time-consuming and expensive to obtain due to the 
difficulties of fieldwork, particularly in tropical countries. 
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REDESCRIPTION AND GENETIC CHARACTERIZATION OF CUCULLANUS DODSWORTHI 
(NEMATODA: CUCULLANIDAE) FROM THE CHECKERED PUFFER SPHOEROIDES 
TESTUDINEUS (PISCES: TETRAODONTIFORMES) 
Hugo H. Mejia-Madrid' and Maria Leopoldina Aguirre-Macedo 
Laboratorio de Patoiogfa Acuatica, CiNVESTAV-iPN Unidad Merida Antigua Carretera a Progreso Km 6 (Cordemex) C.P. 97310, Merida, Yucatan, 
Mexico. e-mail: hhm@mda.cinvestav.mx 
ABSTRACf: Cucullanus dodsworthi Barreto, 1922 was originally described from the checkered puffer fish, Sphoeroides testudineus 
(Linnaeus), from Brazilian waters, New material of this nematode species was recovered from the same type host species from Mexican 
waters off the Yucatan Peninsula, This material was compared with Brazilian specimens. Although Mexican material closely resembles 
the original description of C. dodsworthi in general appearance, previously undescribed characters, as observed by light and scanning 
electron microscopy, are described for the first time in this species from both Brazilian and Mexican specimens. These characters 
include lateral body alae or conspicuous lateral fields that begin in the cervical region and end anterior to first pair of adcloacal papillae 
in males and at the anus level in females, cephalic and caudal alae absent; presence of pseudobuccal capsule with simple buccal frame 
well sclerotized with dorsal arrow structures, lateral structures, and lateral reniform structures; deirids, excretory pore, and postdeirids; 
slight anal protuberance in both sexes, unpaired precloacal papilla in males, phasmids near pair 10 in males and near tail tip in females; 
female with protruding vulvar lips and smooth eggs, In the absence of better descriptions of this genus, it can be concluded that C. 
dodsworthi is the only species of marine Cucullanus from the Americas that possesses lateral body alae. Molecular characterization of 
C. dodsworthi with SSU (18S) and ITS2 rDNA genes is included. A preliminary genetic comparison between SSU rDNA of C. 
dodsworthi, Truttaedacnitis truttae (Fabricius, 1794), and Dichelyne mexicanus Caspeta-Mandujano, Moravec and Salgado-
Maldonado, 1999 places C. dodsworthi as a putative sister taxon to T. truttae, The finding of C. dodsworthi in Mexican marine 
waters also represents a new geographical record. 
Records of Cucullanus Muller, 1777 species that parasItlZe 
marine fishes off the coast of the Gulf of Mexico and Yucatan 
Peninsula have increased in the last decade (Vidal-Martinez et aI., 
2001; Gonzalez-Solis et aI., 2002, 2007; Mejia-Madrid and 
Guillen-Hernandez, 2011), During a series of surveys of the 
coastal lagoons of northern Yucatan, large samples of checkered 
puffers, Sphoeroides testudineus (Linnaeus), were collected and 
examined for helminths in 2007 and 2009. A collection of 
nematodes identified as Cucullanus sp, was found in the intestines 
of these fishes. It was observed that this material is almost 
identical to Cucullanus dodsworthi, a cucu1lanid originally 
described from S. testudineus (type host) from Bahia de 
Guanabara, Rio de Janeiro, Brazil (Barreto, 1922). As unde-
scribed and new characters were observed in the aforementioned 
material, it became necessary to redescribe this species. Molecular 
characterization of this nematode with SSU (18S) and ITS2 
rDNA is included in the redescription. 
MATERIALS AND METHODS 
Specimens were fixed in 4% steaming hot formalin and preserved in 
70% ethanol. Worms were subsequently cleared with lactophenol or 
glycerine for observations. Nematode cephalic and caudal structures were 
examined with a Zeiss LSM 510 Meta confocal microscope. Specimens for 
study with the ,Use of a scanning electron microscope (SEM) were 
dehydrated, critical point dried, and sputter-coated with gold or gold 
palladium. These worms were examined with Philips XL30 ESEM and 
Hitachi S-2460N SEM units. Line drawings were prepared with the aid of 
a drawing tube, All nematodes used for measurements were mature males 
and females. For the purpose of comparison, additional specimens of 
Cucullanus spp. were examined from the following collections: Colecao 
Helmintol6gica do Instituto Oswaldo Cruz, Brazil: C. dodsworthi CHIOC 
1592,4633,4890, and 4892-4895 (paratypes); Colecci6n de Helmintos del 
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CINVESTAV Merida, Mexico: Cucullanus bagre Peter, 1974, CHCM 425, 
and Cucullanus palmeri Crites and Overstreet, 1997, CHCM 518 (all 
voucher specimens), Measurements are reported in millimeters, unless 
otherwise stated, mean and standard deviation in brackets where 
appropriate, with number of specimens in parentheses. 
Nematodes for DNA tissue extraction were collected only from 
immediately necropsied fishes, Worms were fixed in 100% ethanol and 
processed with 20 III 10% Chelex 100 (Sigma, St. Louis, Missouri) mixed 
with 1 J.!l proteinase K and incubated at 60 C for 1 hI. Final extracts had a 
total DNA concentration of <100 ng/50 Ill. A fragment of nuclear SSU 
rDNA was amplified with the use of the forward D-IF (5'-GCCTA-
TAATGGTGAAACCGCGAAC) and reverse D-IR (5'-CCGGTTCA 
AGCCACTGCGATTA) primers ofWijova et al. (2006) and a fragment 
of ITS2 rDNA gene was amplified with the use of the forward NEWS2 
(5'-TGTGTCGATGAAGAACGCAG) and reverse ITS2-RIXO (5'-
TTCTATGCTTAAATTCAGGGG) primers of Almeyda-Artigas et al. 
(2000). Polymerase chain reaction cycling parameters included 36 cycles of 
denaturation at 94 C for 30 sec, annealing at 54 C for 30 sec and extension 
at 72 C for 60 sec, The final product was sequenced with an ABIPrism 
3700 Genetic Analyzer (Applied Biosystems, Foster City, California), 
Codon Code Aligner (Version 3.5.7, CodonCode Corporation, Ded-
ham, Massachusetts) with Phred base calling was used for assembly of 
contigs. Sequence alignment was performed with Clustal X version 2.0,11 
(Larkin et aI., 2007). Sequences ofX03680 Caenorhabditis elegans, U42342 
Meloidogyne arenaria, DQ118535 Anguillicola crassus, EF180063 Truttae-
dacnitis truttae, and an unpublished sequence of D. mexicanus were used 
for generating an unambiguous alignment. PAUP* (Swofford, 2000) was 
used for recovering a phylogeny of cucullanids. Outgroups were generated 
during the analysis with default settings. 
REDESCRIPTION 
Cucullanus dodsworthi Barreto, 1922 
(Figs. 1-24) 
Diagnosis: Body long, slender, tapering at ends, widest at midbody, 
decreasing slightly in width at anal region, and then narrowing gradually 
to tip of finely conical curved pointed tail. Cuticle thick, finely striated 
transversally, striae anastomose at irregular intervals. Lateral fields 
prominent or bearing lateral body alae that extend from cervical region 
and terminate anterior to tail. Cephalic region rounded when seen in 
dorsoventral position, or subquadrangular when seen in lateral view, 
without lateral alae. Oral opening dorsoventrally elongate, spindle-shaped 
slit, slightly oblique, and surrounded internally by collarette with 
approximately 100 raised small denticular thickenings at base of 
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FIGURES 1-4. Cucullanus dodsworthi. Male cephalic ends. (1) Mexico. (2) Brazil. Female cephalic ends. (3) Mexico. (4) Brazil. Bars = 50 1J.lll. 
membrane. Cephalic end with circumoral group of 2 pairs of large 
papillae, 2 pairs of internal papillae, and I pair of large amphids; all such 
structures external to collarette. Esophagus entirely muscular, expanded in 
width at both ends. Anterior dilation slightly larger than or similar in size 
to posterior expansion. Esophastome (pseudobuccal capsule) well 
developed; internal to collarette is wide, smooth peribuccal rim separated 
by peribuccal grove from more posterior structures. Peribuccal rim 
exhibits keyhole form, heavily scJerotized, with no pseudobuccal teeth. 
Buccal frame well scJerotized, with dorsal arrow-shaped structures 
extending laterally; large lateral structures posterior to peribuccal rim, 
lateral reniform structures, and transverse ventral plate. NonscJerotized, 
esophageal-intestinal valve extending into lumen of anterior intestine. 
Intestine without cecum. Intestine dilated at initial portion. Posterior 
extremity of intestine possesses sphincter and communicates with 
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FIGURES 5-6. Cucullanus dodsworthi. Male caudal ends. (5) Mexico. (6) Brazil. Bars = 100 11m. 
triradiate rectum. Anus situated atop small protuberance. Nerve ring 
surrounds esophagus at hiatus level. Deirids situated mostly at level of 
posterior expansion of esophagus. Postdeirids sometimes distinct, left one 
most frequently present and dorsal to lateral fields. Excretory pore beyond 
posterior end of esophagus and esophageal-intestinal valve. Tail long, 
conoid with long, fine, hooklike sclerotized tip. 
Male (based on 10 specimens, unless otherwise stated): Body 6.63-10.8 
[8.60 ± 1.26] long by 0.16-0.31 [0.24 ± 0.04] wide at esophageal intestinal 
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FIGURES 7-8. Cucullanus dodsworthi. (7) Caudal end of male. Ventral. Mexico. Bar = 100 !J,m. (8) En face view of cephalic end of female. Mexico. Bar 
= 50!J,m. 
junction, increasing to 0.17-0.34 [0.26 ± 0.05] at greatest width, then 
decreases to 0.16--0.27 [0.22 ± 0.03] at precloacal sucker level, and 0.08-
0.14 [0.11 ± 0.02] at anus level. Body approximately 35.5-44.1 [39.8 ± 
3.26] times longer than wide. Esophagus 0.71-0.91 [0.82 ± 0.07] long, 
8.2%-11.1% [9.59 ± 0.94] of body length. Anterior dilation (esophastome 
or pseudobuccal capsule) 0.13-0.16 [0.14 ± 0.01] wide, posterior dilation 
0.10--0.16 [0.13 ± 0.02] wide; esophastome 0.10--0.19 [0.15 ± 0.02] long. 
Esophageal-intestinal valve 0.03-0.07 [0.04 ± 0.01] long. Nerve ring 0.26-
0.34 [0.29 ± 0.02] and deirids 0.69-0.93 [0.77 ± 0.07] from anterior end. 
Right postdeirid 1.87-4.56 (n = 3) and left postdeirid 4.78 (n = I) from 
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FIGURES 9-10. Cucullanus dodsworthi. Female vulva, vagina, and uteri. (9) Mexico. (10) Brazil. Bars = 100 !lm. 
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FIGURES 13- 18. Cucullanus dodsworthi. Males. Cephalic end. (13) Brazil. (14) Mexico. Caudal end. (\5) and (17) Brazil. (\6) and (\8) Mexico. Arrows: 
amph = amphid, cp = cephalic papilla, coll = collarette, icp = internal cephalic papilla, la = lateral ala, p = papilla, pbr = peri buccal rim, ph = phasmid, ps 
= pseudosucker, rsl = lateral rein form structure, up = unpaired papilla. Scale bars: 13 and 18 = 50 11m; 14 and 16 = 100 11m; 15 and 17 = 200 11m. 
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FIGURES 19-24. Cucullanus dodsworthi. Females. Mexico. (19) and (20) Cephalic end. (21) Vulva. (22) Left postdeirid. (23) Egg. (24) Brazil. Caudal 
end. Arrow letters same as in Figures 13-18. Scale bars: 19-21,24 = 50 ~m; 22 = 10 ~m, 23 = 20 ~m. 
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caudal end. Right postdeirid anterior to left postdeirid. Excretory pore 
beyond posterior end of esophagus 0.81-1.00 [0.91 ± 0.07] from anterior 
end. Gonoduct single, with testis reflexed at 1.24--3.01 [1.84 ± 0.48] from 
anterior end. Spicules slightly subequal, with blunt proximal ends, distal 
end of both lanceolate, slightly curved ventral with dorsal alae; proximal 
ends of retracted spicules anterior to middle of pseudosucker and posterior 
to pair I of caudal papillae, or at level of middle precloacal sucker; right 
spicule 0.51-1.24 [0.80 ± 0.23] long; left spicule 0.51-1.17 [0.79 ± 0.21] 
long, represents 5.35%-14.30% [9.44 ± 2.49] of body length. Spicule ratio 
(right: left) 1:0.94--1.08 [1:1.01 ± 0.04]. Gubernaculum weakly sclerotized, 
rod shaped 0.06-0.11 [0.08 ± 0.02] long. Precloacal sucker ventral, 0.16-
0.34 [0.24 ± 0.05] long, with nondefinable muscle units, without chitin 
ring, posterior edge 0.69--0.89 [0.77 ± 0.07] from posterior end. Intestinal-
rectal valve muscular, triradiate, forming constriction of digestive tract 
directly anterior to rectum; rectum with strong muscular walls, 0.10--0.20 
[0.15 ± 0.04] long. Rectal glands present. Cloacal aperture with slitlike 
opening situated atop slightly elevated genital region; unpaired precloacal 
papilla separated from anterior lip by shallow groove. Large caudal 
papillae, 10 pairs, 3 large pairs precloacal, 4 pairs adcloacal, 3 pairs 
postcloacal, plus pair of lateral phasmids and I unpaired precloacal 
papillae on anterior precloacallip; first pair ventral and anterior to ventral 
sucker; second pair ventral and immediately posterior to sucker; third pair 
halfway between sucker and cloacal aperture, ventral, smaller than 
previous 2 pairs; 3 closely adjacent pairs of adcloacal papillae in 
longitudinal ventral or subventral rows, second pair larger than first and 
third pairs, first and second anterior to cloacal opening and third at level 
of the same, fourth pair lateral at level of posteriormost, third pair; 
postcloacal 3 pairs nearer cloacal aperture, with 2 pairs ventral and I pair 
subdorsal on both sides and always between ventral pairs; papillae system 
of Petter (1974): pairs numbered I, 2, 3 precloacal, ventral; pairs 
numbered 4, 5, 6, 7 adcloacal, with pair 4 lateral in position, pair 5 
ventral or subventral, and pairs 6 and 7 always ventral; pairs numbered 8, 
9, 10 postcloacal, 9 and 10 ventral, pair 8 subdorsal on both sides, with 
pair 8 closer to pair 10 than to pair 9 or midway between latter pairs. 
Phasmids paired, lateral on both sides, anterior and nearer to 
posteriormost pair of papillae 0.10--0.14 [0.12 ± 0.01] from tail tip. 
Caudal end strongly curved, without alae, with fine sclerotized hooklike 
structure ending. Tail 0.22--0.27 [0.24 ± 0.02] long. 
Female (based on 10 specimens, 9 mature and 1 immature, unless 
otherwise stated): Body 10.7-14.7 [12.3 ± 1.45] long by 0.27--0.44 [0.36 ± 
0.05] wide at esophageal-intestinal junction, increasing to 0.35-0.54 [0.43 
± 0.07] at midbody, approximately 20.4--34.9 [29.4 ± 4.98] times longer 
than wide, width then constant to 0.34--0.50 [0.40 ± 0.05] at vulva, with 
body tapering slightly toward anus, width at anus 0.10--0.16 [0.14 ± 0.02]. 
Esophagus 0.95-1.06 [0.99 ± 0.04] in total length, 7.25%-9.72% [8.18 ± 
0.83] of body length; anterior dilation (esophastome or pseudobuccal 
capsule) 0.14--0.21 [0.16 ± 0.02] wide; posterior dilation 0.14--0.18 [0.16 ± 
0.01] wide; esophastome 0.16--0.26 [0.20 ± 0.03] long. Esophageal-
intestinal valve 0.04--0.06 [0.05 ± 0.01] long. Nerve ring 0.30--0.45 [0.35 ± 
0.04] from anterior end surrounds esophagus at level of hiatus of 
esophageal lining. Right deirid is 0.77-1.01 [0.85 ± 0.09] (n = 6); left 
deirid 0.79--0.99 [0.86 ± 0.06] (n = 8) from anterior end. Right postdeirids 
not observed; left 3.03-9.49 [6.27 ± 3.23] (n = 3) from cephalic end. Left 
postdeirid behind vulva. Excretory pore beyond base of esophagus, 
posterior to intestinal-esophageal valve 0.98-1.73 [1.21 ± 0.22] from 
anterior end. Vulva small slit, opening in depression of cuticle, with 
slightly protruding lips, anterior slightly smaller than posterior, situated 
postequatorially to body length, 6.11-8.95 [7.36 ± 0.96] or 55.9%-62.7% 
[59.9 ± 2.21] of body length from anterior end; vagina directed anteriorly, 
muscular, separated from ovijector by sphincter; uterus didelphic, 
amphidelphic, reflexed; each uterine sac associated with single ovary; 
gonoducts reflexed, anterior branch at 0.36-1.96 [1.35 ± 0.40] from 
anterior end. Eggs numerous, ovoid, with smooth shell (unembryonated in 
proximal portion of uterus), 0.01-0.09 [0.07 ± 0.01] long by 0.01--0.06 
[0.04 ± 0.01] (n = 9) wide. Intestinal-rectal valve muscular, triradiate, 
forming constriction of digestive tract directly anterior to rectum; rectum 
with strongly muscular walls, 0.18-0.38 [0.27 ± 0.06] long. Rectal glands 
present. Anus transverse slit atop small prominence. Anterior lip extends 
over anus aperture. Tail relatively long, 0.22--0.35 [0.31 ± 0.04], straight, 
conical, with strong sclerotized fine hooklike pointed tip. Phasmids 
symmetrical, lateral, situated nearer to tail end 0.03--0.17 [0.12 ± 0.05] 
from tail tip. Tail 0.22--0.35 [0.31 ± 0.04] long. 
Molecular description 
A sequence of 1286 base pairs (bp) of SSU rDNA was recovered from 2 
female specimens of C. dodsworthi collected in Mexico. A single contig was 
recovered after 4 different sequences (2 forward and 2 reverse) were 
assembled. Matrix of aligned sequences of C. dodsworthi, D. mexicanus, 
and T. truttae plus taxa described in the Materials and Methods section were 
analyzed with exhaustive search and a single tree was recovered, 851 steps 
(out of 1815 characters analyzed), CI (consistency index) = 0.69, HI 
(homoplasy index) = 0.30 (excluding uninformative characters), RI 
(retention index) = 0.55, and RC (rescaled consistency index) = 0.49, with 
only 165 informative characters, and 1188 constant characters. Resulting tree 
(Fig. 25) indicates that c. dodsworthi is sister taxon to T. truttae, but with a 
low bootstrap support value. Additionally, c. dodsworthi and T. truttae are 
more closely related to each other than to the ancestor of D. mexicanus 
(GenBank HQ241925). A single sequence of 434 bp of ITS2 rDNA was 
recovered from the same specimens of C. dodsworthi from Mexico. 
Taxonomic summary 
Host: Sphoeroides testudineus (Tetraodontiformes: Tetraodontidae); 
checkered puffer; "xpu" or "ixpu" is local Yucatec Maya name; "pez 
globo" is local Spanish name. 
Site of infection: Intestine. 
Locality: Progreso at 89°40'35"N, 21°16'28"W (port). Municipality of 
Progreso. State of Yucatan, Mexico. 
Other localities: Chicxulub at 89°33'41"N, 21°18'17"W (coastal area) 
and Chuburna at 89°47'38"N, 21 °16'28"W (coastal area). Municipality of 
Chicxulub and Progreso, respectively, State of Yucatan, Mexico. 
Date of collection: August 2007 and April 2009. 
Specimens deposited: Males: CNHE 7434. Females: CNHE 7435. All 
vouchers. 
GenBank accession numbers: SSU rDNA sequence: HQ241923; ITS2 
rDNA sequence: HQ241924. 
Remarks 
The morphology of the specimens of C. dodsworthi just redescribed is in 
overall agreement with the original description of Barreto (1922). Because 
S. testudineus is the type host of C. dodsworthi, there is little doubt that the 
present Mexican specimens belong to this species. 
Observation of Brazilian and Mexican specimens revealed taxonomi-
cally important and undescribed characters. The original description of 
Barreto (1922) contains 4 illustrations (head in dorsoventral view, vagina, 
and 2 illustrations of male posterior end) that do not closely match the 
written description. Therefore, comparisons considered heretofore rely 
mostly on the written description rather than on the illustrations. 
Additionally, it was observed that complete specimens examined from 
Brazil tend to be smaller than Mexican ones, not only in size, but in other 
structures as well, probably due to state of sexual maturation. Only 2 
complete specimens, I male and 1 immature female, could be cleared for 
comparison because of the condition of the rest of the preserved material 
examined, derived from the time of their deposition in 1917. 
The diagnostic characters of C. dodsworthi, when considering only the 
original description, seem to be the slender, with a hooklike sclerotized tail 
end, identical in both sexes, the disposition of male caudal papillae, and 
the male rudimentary caudal alae, the latter not found in other Cucullanus 
spp. from Brazil, except for Cucullanus pulcherrimus Barreto, 1918 (see 
Barreto, 1922). All of these diagnostic characters were observed in the 
material from Brazil and Mexico, except the rudimentary caudal alae, a 
critical character for this species definition. These caudal alae must be 
considered an artifact of fixation when tails are mounted ventrally and 
straightened for light microscopy (LM) observation (see Fig. 7), for not 
even the specimens examined from Brazil possess them. 
Lateral body alae are an additional defining character of C. dodsworthi 
that probably had gone unobserved. This character is present in Mexican 
specimens, although it is not present in the specimens of Brazil. 
Nevertheless, the latter possess prominent lateral fields. In both cases, 
lateral body alae or lateral fields can hardly be detected with LM, but can 
be observed with SEM. Based on reviews by Campana-Rouget (1957), 
Lopez-Caballero et al. (2009), Giese et al. (2010), and Moravec (1998), 
lateral body alae have not been described previously for any Cucullanus 
spp. from freshwater or marine fishes of the Americas. 
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FIGURE 25. Phylogenetic relationships of cucullanids. Phylogenetic analysis recovered from exhaustive search. Bootstrap values (>50% confidence 
level) are shown beside branches. 
Our material shows broad ranges of variability, probably because 
specimens come from different localities and the sample size is small. 
Nevertheless, the measurements of the original description of C. 
dodsworthi fall into the ranges of the specimens measured herein (Table I). 
In a few cases, the measurements in the original description fall outside the 
range of the present meristic values; for example, the esophagus of the type 
material seems to be longer than in the present specimens. Additionally, 
male tail dimensions indicate that the material from Mexico possesses 
longer tails, as indicated by the position of the pseudosucker and the 
distance from the anus to tail tip. It should be noted that Barreto (1922) 
did not indicate how many specimens were used in the original description. 
The following characters are absent from the original description of C. 
dodsworthi: mouth form, number of denticles of collarette, amphids, 
esophastome, buccal framework, excretory pore, unpaired precloacal 
papilla, phasmids, and postdeirids. Once the material from Brazil was 
examined with LM and SEM, it was concluded that none of the 
aforementioned characters, when clearly identifiable, is notably distinct 
from the material of Mexico. Buccal framework, tail form, papillae 
distribution, and size are almost identical, despite the fact that papillae 
sizes are smaller in Brazilian specimens. Most probably, those differences 
identified, e.g., lateral body alae, are the product of natural geographic 
variation, and therefore do not qualify for the erection of a new species. 
Campana-Rouget (1957) described C. dodsworthi from another tetraodonti-
form, namely, Lagocephalus laevigatus L., from the eastern Atlantic coast of 
Africa. There are sma11 differences between the measurements in those 
specimens and the present specimens (Table I). The aforementioned author 
included new characters in her description, e.g., lateral reniform structures of 
buccal framework, but failed to describe the dorsal arrow-shaped and lateral 
structures. Tail measurements are larger, just as in specimens from Mexico, 
than those reported by Barreto (1922). Caudal papillae are similar in form and 
position as in Barreto (1922) and in the present material. It must be emphasized 
that Campana-Rouget (1957) did not mention caudal alae in males, 
nevertheless depicted the latter in Plate VI, Figure 3 of the cited publication. 
She also failed to mention the unpaired precloacal papilla. 
When considering the original description and aforementioned rede-
scription, C. dodsworthi can be differentiated clearly from its Brazilian 
marine congeners (see Barreto, 1922; Berland, 1970; Vicente and Dos 
Santos, 1974; Giese et aI., 2010). It differs from Cucullanus rougetae 
Vicente and Dos Santos, 1974 in that this species has no caudal 
pseudosucker and possesses 6 postcloacal papillae in male tail and a 
3-pointed spine caudal appendage; it differs from C. pulcherrimus in tail 
form and disposition of male tail papillae, especially pair 8, which are 
anterior to 9 and 10, whereas in C. dodsworthi they are between 9 and 10, 
with an absence of precloacal unpaired papilla in the former species (this 
single papillae seems to have gone unnoticed by several previous authors; 
see Park and Moravec, 2008, for a comment); from Cucullanus carioca 
Vicente and Fernandes, 1973 in disposition of male tail papillae (6 
precloacal, 4 postcloacal vs. 3 precloacal, 4 adcloacal, 3 postcloacal), and 
from Cucullanus cirratus Milller, 1777 in the position of deirids, excretory 
pore, form of gubernaculum, tail terminus, and especially in phasmid 
position; papillae disposition is noticeably similar, yet phasmids are 
midway between cloacal aperture and tail tip, whereas in C. dodsworthi 
phasmids are nearer to tail tip. Nevertheless, Lanfranchi et al. (2004) do 
not support the possibility that C. cirratus is present in Brazilian waters. 
Moreover, all of the foregoing cucullanids are parasites of Perciformes, 
whereas C. dodsworthi is the only Cucullanus sp. infecting host species of 
tetraodontiforms in Brazil, Africa, and Mexico. 
DISCUSSION 
Cucullanus dodsworthi has not been recently recorded in S. 
testudineus in Brazil (Fontenelle-Bizerril and Costa, 2001). It has 
only been recorded twice outside Brazil, in Biscayne Bay, Florida 
(Boucher, 1974; Skinner, 1975) from what seems an accidental 
host, Mugil cephalus L., and Senegal, West Africa (Campana-
Rouget, 1957) from L. laevigatus, as mentioned. Body ratios and 
papillae distribution in males were the characters considered for 
specific identification of 1 record of Florida (Skinner, 1975). More 
recently, Sosa-Medina (pers. comm.; 2008) reported Cucullanus 
sp. from S. testudineus in 4 coastal lagoons from Yucatan, yet did 
not identify those nematodes to the species level. Those specimens 
are considered conspecific to the material of C. dodsworthi 
described herein. Therefore, the present geographical record of C. 
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TABLE I. Comparative data of Cucullanus dodsworthi Barreto, 1922. Measurements in millimeters. 
Character/ Barreto (1922) 
parameter General Male Female 
Length of body 9.54 14.4 
Width 0.38 0.445 
Esophagus 1.335 
Relation between 1:6 1:7 
esophagus/body 
length 
Anterior dilation 0.195 
(width) 
Nerve ring from 0.372 
anterior extremity 
Right spicule 1.023 
length 
Left spicule length 1.023 
Gubernaculum 0.114 
length 
Pseudosucker 0.232 
length 
Pseudosucker from 0.511 
posterior end 
Caudal papillae 10 pairs: 3 pre + 
(pairs) 4 ad + 3 post 
Vulva to anterior 1/3 from posterior 
extremity or 2/3 from 
anterior extremity 
Ovijector 0.325 
Tail hooklike 0.011 
structure 
Tail (anus from 0.186 0.325 
posterior end) 
Eggs (length x 0.079 x 0.045 
width) 
Host species Sphoeroides testudineus 
Geographical Brazil (America) 
distribution 
dodsworthi represents its northernmost current distribution in its 
type host in the tropical Atlantic Ocean of the Americas. This 
nematode has never been reported from the Pacific Ocean, where 
S. testudineus is distributed as well (Froese and Pauly, 2010). 
Other nematodes previously described from S. testudineus in 
Brazil have been reported in the same host species from Mexico, 
i.e., Capillaria carioca Teixeira de Freitas and Lent, 1935 (see 
Moravec et a!., 1995) from Yucatan. The helminth faunas of S. 
testudineus are probably similar along the subtropical and tropical 
western Atlantic coasts of the Americas. Nevertheless, some 
speciation within their core helminth faunas might have occurred, 
as exemplified by the presence of a distinct species of monogenean 
seemingly restricted to the Gulf of Mexico and Yucatan Peninsula 
(Vidal-Martinez and Mendoza-Franco, 2008). 
In the phylogenetic analysis of 3 species of cucullanids 
sequenced for SSU rDNA, the aforementioned taxa appear as a 
monophyletic group. The topology recovered is not in accordance 
with the phylogenetic scheme published by Petter (1974), which 
relies mostly on host geological age and closely relates Cucullanus 
spp. to Dichelyne spp. rather than to Truttaedacnitis spp. 
However, more species of theses representative genera should be 
Present article (only ranges) Campana-Rouget (1957) 
Male Female Male Female 
6.63-10.82 10.7-14.7 8.67-10.5 10.44-11.4 
0.17-0.34 0.35-0.54 0.28-0.38 0.42-0.44 
0.71-0.91 0.95-1.06 0.50-1.33 1.05 
1:9-1:12 1:10-1:14 
0.13-0.16 0.14-0.21 
0.26-0.34 0.30-0.45 0.30-0.37 0.37 
0.51-1.24 0.76-1.02 
0.51-1.17 
0.06-0.11 0.07 
0.16-0.34 
0.68-0.88 0.056 
10 pairs: 3 pre + 10 pairs: 3 pre + 
4 ad + 3 post 4 ad + 3 post 
55.9-62.7%, 
approximately 
2/3 from anterior 
extremity 
0.22-0.27 0.22-0.35 0.28-0.38 0.38-0.46 
0.01-0.09 0.050-0.079 
x 0.01-0.06 x 0.035-0.45 
Sphoeroides testudineus Lagocephalus laevigatus 
Mexico (America) Senegal (Africa) 
sampled for rDNA sequences in order to recover a well-supported 
phylogenetic hypothesis of cucullanids. 
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PARACREPTOTREMA PROFUNDULUSI N. SP. AND P. BLANCOI CHOUDHURY, PEREZ-
PONCE DE LEON, BROOKS, AND DAVERDIN, 2006 (TREMATODA: ALLOCREADIIDAE) 
FROM FRESHWATER FISHES OF THE GENUS PROFUNDULUS (TELEOSTEI: 
PROFUNDULIDAE) IN SOUTHERN MEXICO 
Guillermo Salgado-Maldonado, Juan Manuel Caspeta-Mandujano*, and Emilio Martfnez-Ramfrezt 
Universidad Nacional Aut6noma de Mexico, Instituto de Biologfa, A.P. 70-153, 04510 Mexico D.F., Mexico. e-mail: gsalgado@ibiologia.unam.mx 
ABSTRACT: Paracreptotrema profundulusi n. sp. (Trematoda: Allocreadiidae) is described from the intestine of the freshwater fishes 
Profundulus punctatus and P. balsanus (Teleostei: Profundulidae) from the Tehuantepec and the Atoyac-Verde River basins, in Oaxaca, 
Mexico, in the western extreme of Central America. The new species is distinguished from Paracreptotrema blancoi Choudhury, Perez-
Ponce de Leon, Brooks, and Daverdin, 2006, to which it is most similar, and from P. mendezi (Sogandares-Bernal, 1955) Choudhury, 
Perez-Ponce de Leon, Brooks, and Daverdin, 2006, by the caeca extending beyond the testes, vitelline follicles that invade the 
postesticular area, and uterus with transverse loops located mainly between the testes and the genital pore. Paracreptotrema blancoi 
was collected from the same host species and also from Profundulus oaxacae. Here, we provide data that show its broad distribution in 
several river basins of Neotropical southern Mexico, including the Papagayo River basin, Guerrero, Mexico, and the Atoyac-Verde 
and Tehuantepec river basins, and other rivers in Oaxaca, Mexico. Freshwater fishes of the Profundulidae are endemic to Central 
America and host a helminth fauna that includes at least 4 species found only in these hosts. 
Freshwater fish species of Profundulus Hubbs (Teleostei: 
Profundulidae) inhabiting the hydrological basins of southern 
Mexico are parasitized by a helminth fauna, including several 
species found only in these hosts. Three nematode species have 
been described in fishes of this genus: Rhabdochona salgadoi 
Caspeta-Mandujano and Moravec, 2000 (Caspeta-Mandujano 
and Moravec, 2000); Spinitectus humbertoi Caspeta-Mandujano 
and Moravec, 2000 (Caspeta-Mandujano and Moravec, 2000); 
and Spinitectus mariaisabelae Caspeta-Mandujano, Cabaiias-
Carranza, and Salgado-Maldonado, 2007 (Caspeta-Mandujano 
et aL, 2007). During examination of Profundulus balsanus Ahl, P. 
oaxacae (Meek), and P. puctatus (Gunther), caught from 
Guerrero and Oaxaca states in southern Mexico as part of our 
research into the helminth parasites of freshwater fish in Mexico, 
we found them to be heavily parasitized by mixed populations of 
Paracreptotrema spp. Choudhury, Perez-Ponce de Leon, Brooks, 
and Daverdin, 2006 (Trematoda), even in the same fish specimen. 
These trematodes are similar in general structure, but they can be 
clearly identified as belonging to 2 different species, i.e., 
Paracreptotrema blancoi Choudhury, Perez-Ponce de Leon, 
Brooks, and Daverdin, 2006, recorded previously only in poecilids 
(Teleostei: Poeciliidae) in Costa Rica (Choudhury et aL, 2006) and 
a new species described in the present study. 
The monotypic Profundulidae Hoedeman and Bronner, which 
includes only species of Profundulus, contains 7 species and is a 
lineage endemic to Central America (Banarescu, 1995; Nelson, 
2006; Frose and Pauly, 2010; Matamoros and Schaeffer, 2010 but 
see Martinez-Ramirez et aL, 2004; Miller, 2005). A primitive 
cyprinodontiform (Miller, 1955), species of Profundulus originat-
ed in Central America and have probably been in the region since 
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the Pliocene and perhaps even the Miocene (Miller, 1955; 
Doadrio et aL, 1999). Despite its ancient origin, the family's 
distribution is limited to the northern portion of Central America 
in waters of the Atlantic and Pacific slopes (Doadrio et aL, 1999; 
Gonzalez-Diaz et aL, 2005; Matamoros and Schaeffer, 2010). 
MATERIALS AND METHODS 
Hosts are cited using currently accepted nomenclature following 
Martinez-Ramirez et al. (2004). The reported helminth specimens were 
collected from P. balsanus taken in August 2006 from the Rio Papagayo at 
Piedra Labrada, Guerrero, Mexico (l8°58'54"N, 99°14'12"W, altitude 
419 m) (n = 29 fish examined) and in September 2009 from 3 localities 
along the Atoyac-Verde River basin, Oaxaca, Mexico. These localities 
were Rio La Soledad Carrizo, Santiago Tetepec (16°25'0.4''N, 
97°40'12.9''W, altitude 733 m) (n = 25); Rio San Jose de las Flores, 
Santiago Jamiltepec (l6°24'21.5''N, 9r44'22.6''W, altitude 619 m) (n = 
20); and Rio Santa Cruz Flores Magon, Santiago Jamiltepec (l6°21'6.1''N, 
9r45'38.3''W, altitude 275 m) (n = 18). Also included were the next 4 
rivers that open to the Pacific Ocean along the coast of Oaxaca, Mexico, in 
September 2009 from Rio Pichuaca, Santiago Jocotepec (16°05'34.2''N, 
97°24' 18.l''W, altitude 139 m) (n = 22); in March 2010 from Rio La 
Reforma, San Juan Lachao, Manialtepec River basin (l6°08'33.5''N, 
97°08'41.6''W, altitude 517 m) (n = 20); in March 2010 from Rio Pueblo 
Viejo, San Gabriel Mixtepec (l6°06'22.3''N, 9r03'47.8''W, altitude 522 m); 
and in March 2010 from Rio Santa Maria Huatuico, Pochut1a, Colotepec 
River basin (lS050'14.2''N, 96°19'30.8''W, altitude 199 m) (n = 7). 
Helminth specimens also were collected from P. oaxacae taken in March 
2007 from the Rio Macuta, Atoyac-Verde River basin, Oaxaca, Mexico 
(17°12'O.3"N, 9rlO'22.l''W, altitude 1,708 m) (n = 37). Additional 
helminth specimens were collected from P. punctatus taken in February 
2008 from the Rio Templo at San Juan del Rio (16°53'56.3"N, 
96°09'57.3''W, altitude 1 152 m) (n = 43) and in March 2008 from Ojo 
de Agua Creek (16°13'38.6''N, 95°49'36.6''W, altitude 772 m) (n = 30), 
both localities in the Tehuantepec River basin, Oaxaca, Mexico. Fishes 
were caught by electrofishing, transported live to the laboratory, and 
necropsied immediately after capture. Trematodes were fixed in hot 4% 
formalin. Some specimens were fixed under slight coverslip pressure. 
Trematodes were stained with Mayer's paracarmine or Ehrlich's 
hematoxylin, and mounted whole in Canada balsam. 
Examinations were undertaken of 2 para type P. blancoi specimens 
borrowed from the Coleccion Nacional de Helmintos (CNHE), Instituto 
de Biologia, Universidad Nacional Autonoma de Mexico (UNAM), 
CNHE 5315. Measurements were made only from specimens fixed without 
pressure and are given in micrometers as the mean followed by the range 
in parentheses. Drawings were made with the aid of a camera lucida. 
Holotype and paratype specimens of the new species, and voucher 
specimens of P. blancoi, were deposited in the CNHE, Instituto de 
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Biologia, UNAM. Additional paratypes and voucher specimens were 
deposited in the U.S. National Parasite Collection (USNPC), Beltsville, 
Maryland; in the Helminthological Collection of the Institute of 
Parasitology, Academy of Sciences of the Czech Republic, Ceske 
Budjovice (IPCAS); and in the Natural History Museum, London 
(NHMUK). 
RESULTS 
Two Paracreptotrema species were identified, i.e., a new species 
described here, and P. blancoi. In total, 315 parasites of both 
species was collected from the intestines of 230 fish hosts 
examined of the 3 species of Pro fundulus. Both trematode species 
exhibited high population densities and possessed an intense red 
color accentuated around the peripheral musculature of the 
ventral sucker; they were very active, moving incessantly across 
the observation field. 
DESCRIPTION 
Paracreptotrema profundulus; n. sp. 
(Figs. 1-3) 
General (20 specimens measured): Body 788 (600-990) long, ovoid, 
maximum width 364 (287-500) at middle of body length. Forebody 348 
(275-475) long, hindbody 472 (400-565) long. Remnants of eyespot 
pigment scattered in the forebody. Oral sucker 125 (102-150) long, 137 
(112-177) wide, opening subterminal, anteroventrally directed. Several 
papillae along outer edge of oral sucker not visible on all specimens. 
Ventral sucker 201 (165-250) long, 189 (145-225) wide. Sucker length 
ratio 1:1.6 (1.5-2.0); sucker width ratio 1:1.4 (1.l-1.5). Prepharynx absent. 
Pharynx rounded, small, 48 (37-62) long, 49 (37-70) wide. Esophagus 
short, 51 (25-80). Cecal bifurcation medial between oral sucker and 
ventral sucker. Caeca extending posterior to testes, often surrounding 
them, terminating at 190 (125-250) from posterior end of body. Testes 2, 
symmetrical, ellipsoidal, entire, left testis 124 (87-175) long, 93 (75-125) 
wide, posterior margin 190 (87-275) from posterior end of body; right 
testis 122 (87-175) long, 92 (60-112) wide, posterior margin 179 (115-275) 
from posterior end of body. Cirrus sac voluminous, conspicuous, elongate 
median, occupying area between pharynx and ventral sucker, often only 
its posterior end overlapped by the anterior margin of the ventral sucker, 
135 (92-175) long, 67 (37-95) wide, containing folded tubular seminal 
vesicle, pars prostatica, unarmed ejaculatory duct. Genital pore median, 
just posterior to pharynx. Ovary 72 (47-125) long, 90 (50-125) wide, 
round or pyriform, entire, dextral or sinistral, situated between posterior 
border of acetabulum and anterior border of testis. Seminal receptacle 
rounded or ovoid, situated immediately posterior to ovary, often 
overlapping posterior border of ovary and/or anterior region of testis. 
Laurer's canal not observed. Vitellarium follicular, voluminous and dense; 
follicles in 2 mostly ventrolateral fields, entering dorsal area of body in 
small quantities, extending from level of pharynx to hindbody, overlap-
ping testes and reaching postesticular area. Vitelline reservoir median, 
overlapping Mehlis' gland. Mehlis' gland situated medially just posterior 
to ventral sucker. Uterus mostly pretesticular, with transverse loops often 
sinistral to ovary, sometimes overlapping testis, in 7 of 130 specimens a 
very short loop extends into area between testes, without reaching 
postesticular area. Eggs few, yellowish, 57 (50-62) long, 31 (25-37) wide (n 
= 24). Excretory vesicle I-shaped, tubular, visible in post-testicular region. 
Excretory pore terminal. 
Taxonomic summary 
Type host: Profundulus punctatus (Gunther), Oaxaca killifish (Cyprino-
dontiformes: Profundulidae). 
Other host: Profundulus balsanus. 
Infection site: Intestine. 
Type locality: Rio Templo, at the town of San Juan del Rio, 
Tehuantepec River basin, Oaxaca, Mexico (16°53'56.3"N, 96°09'57.3"W, 
altitude 1,152 m). 
Other localities: Ojo de Agua Creek, Tehuantepec River basin, Oaxaca, 
Mexico (16°13'38.6"N, 95°49'36.6"W, altitude 772 m). Rio San Jose de las 
Flores, Santiago Jamiltepec, Atoyac-Verde River basin, Oaxaca, Mexico 
(W24'21.5"N, 97°44'22.6"W, altitude 619 m). 
Infection prevalence, mean intensity, and abundance: Twenty-four P. 
punctatus parasitized of 43 examined in Rio Templo, 55.8% prevalence, 96 
trematodes collected, intensity range 1-26 trematodes per parasitized fish, 
mean intensity 4 ± 5.7, abundance 2.2 ± 4.6, date of collection February 
2008. In P. punctatus from Ojo de Agua Creek, 6 hosts parasitized of 30 
examined, 20% prevalence, 41 trematodes collected, intensity range 1-35 
trematodes per parasitized fish, mean intensity 6.8 ± 13.8, abundance 1.3 
+ 6 3 date of collection March 2008. Rio San Jose de las Flores, 1 P. bals~~us parasitized of 20 examined, 5% prevalence, 4 trematodes 
collected, date of collection September 2009. 
Type material: CNHE 7680 (holotype), 7681, 7682, 7683 (23 paratypes); 
USNPC 104498, 104499, 104500 and 104501 (12 paratypes); NHMUK 
2011.2.16.1-8 (8 paratypes). 
Etymology: The new species is named after the generic name of the host. 
Remarks 
The new species exhibits the characteristics of Paracreptotrema as 
provided in Choudhury et al. (2006): body aspinose, widest in mid region 
with rounded ends, with oral sucker smaller than ventral sucker, both 
suckers well developed; intestinal bifurcation in forebody, caeca blind, 
reaching around testes; 2 testes symmetrical; well developed cirrus sac, 
containing sacciform internal seminal vesicle, pars prostatica, ejaculatory 
duct and unarmed cirrus; median genital pore located near intestinal 
bifurcation; vitellarium follicular extending from level of esophagus to 
level of testes; excretory vesicle I-shaped, confined to hindbody. 
The new species closely resembles P. blancoi and Paracreptotrema 
mendezi (Sogandares-Bernal, 1955) in body shape, gonad position, and egg 
size. However, it can be readily distinguished by the length of its caeca, 
which in the new species extend beyond the testes, often surrounding 
them; in P. blancoi and P. mendezi, they reach only to anterior region of 
testes. The vitelline follicles in the new taxon are denser and extend to the 
postesticular area; in P. blancoi and in P. mendezi, they do not invade the 
postesticular area, reaching only to the anterior edge of the testes without 
passing them, forming 2 arched fields in the lateral areas of the body, 
following the contour of the ventral sucker (fig. 1 in Choudhury et aI., 
2006). The third trait distinguishing these taxa is the uterine position and 
length. In the new species, it is mostly pretesticular, the uterus forms short 
transversal loops over the testes and is well separate from the posterior 
extremity of the body; only 7 of 130 (5%) specimens exhibited a short 
uterine loop projecting between the testes. In P. blancoi, the uterus projects 
a loop between the testes and can extend posterior to the testes. In P. 
mendezi, the uterus even reach to the posterior extremity of the body. 
Moreover, the new species is longer than P. blancoi, 675-990 versus 500-
850 !lm, and longer than P. mendezi, 680 !lm. Less evident distinguishing 
traits include the ventral sucker, which in P. profundulusi is smaller in 
proportion to body length and width compared with that of P. blancoi; 
and the genital pore, which is prebifurcal in the new species, but is located 
at or posterior to the cecal bifurcation in P. blancoi. 
In the same collections in which P. punctatus infected with P. 
profundulusi were collected, other fish living sympatrically with P. 
punctatus also were examined. None of the other 77 fish from 6 species 
examined from the type locality, Rio Templo, Oaxaca, was parasitized by 
P. profundulusi, i.e., 8 Astyanax fasciatus (Characidae), 24 Rhamdia 
guatemalensis (Heptapteridae), 16 Poecilia sphenops, 11 Poeciliopsis 
fasciata, 5 Poeciliopsis gracilis (Poeciliidae), and 13 Ophisternon aenigma-
ticum (Synbranchidae). At Ojo de Agua Creek, only P. punctatus was 
collected. At Rio San Jose de las Flores, only P. balsanus was collected. 
Paracreptotrema blanco; Choudhury, Perez-Ponce de Leon, 
Brooks, and Daverdin, 2006 
(Fig. 4) 
Specimens identified as belonging to this species were collected from P. 
balsanus from the Rio Papagayo, at Piedra Labrada, Guerrero, Mexico; 
and Rio La Soledad Carrizo, Rio San Jose de las Flores, Rio Santa Cruz 
Flores Magon, all from the Atoyac-Verde River basin; and also from the 
Rio Pichuaca, Rio La Reforma, Rio Pueblo Viejo, and Rio Santa Maria 
Huatulco, all in Oaxaca, Mexico. Specimens of P. blancoi were also found 
in P. oaxacae collected at Rio Macuta, Atoyac-Verde River basin, 
Oaxaca, Mexico, and in P. punctatus collected Ojo de Agua Creek and Rio 
Templo, Tehuantepec River basin. For comparative purposes (Table I), 
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FIGURES 1-4. Paracreptotrema profundulusi n. sp. from Profundulus punctatus. (1) Holotype. (2) Cirrus sac. (3) Proximal reproductive system. 
(4) Paracreptotrema blancoi Choudhury, Perez-Ponce de Leon, Brooks, and Daverdin, 2006 from Profundulus punctatus. 
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TABLE I. Comparison of morphological characteristics of Paracreptotrema mendezi (Sogandares-Bernal, 1955) Choudhury, Perez-Ponce de Leon, 
Brooks, and Daverdin, 2006; P. blancoi Choudhury, Perez-Ponce de Leon, Brooks, and Daverdin, 2006; and P. profundulusi n. sp. 
P. mendezi P. blancoi P. blancoi P. profundulusi 
Body length 
Maximum width 
680 
310 
519 (465-732) 688 (500-850) 820 (675-990) 
263 (200-387) 349 (250-450) 380 (287-500) 
Oral sucker length X width 100 X 120 
Ventral sucker length X width 170 X 170 
82 (70-90) X 90.4 (82.5-110) 126.7 (100-155) X 126.2 (100-155) 124 (115-137) X 133 (117-150) 
175.9 (162.5-207) X 173.8 (125-210) 153.2 (120-175) X 174 (130-205) 205 (175-250) X 186 (145-225) 
Sucker ratios 
Length 
Width 
1:1.4 
50 X 60 
1 :2.1 (1.7-2.4) 
1: 1.9 (1.4-2.5) 
40 (25-50) X 47.2 (30-62.5) 
1:1.2 (1.2-1.21) 1:1.7 (1.5-2.0) 
1: 1.4 (1.2-1.7) 1: 1.3 (1.1-1.5) 
50 (40-60) X 57 (45-75) 48(37-62) X 51 (37-70) Pharynx length X width 
Ovary length X width 27 X 74 51.5 (37.5-77.5) x 40.7 (25-75) 86.2 (55-ll0) X 69.2 (35-62.5) 82 (47-125) X 98 (75-125) 
Left testis length X width 
Right testis length X width 
Cirrus sac length X width 
Eggs length X width 
Locality 
180 X 90 64.2 (45-75) X 52.5 (37.5-70) 132 (90-170) X 94.7 (70-120) 122.4 (87-155) X 92 (62-ll2) 
170 X 90 63.7 (42.5-87.5) X 52.5 (35-62.5) 134 (89-167) X 95.1 (74-115) 123.4 (87-162) X 99 (60-112) 
100 X 60 83.2 (62.5-137.5) x 37.5 (30-50) - X 52 (35-62.5) 141 (100-175) X 69 (37-87) 
46 X 37 52 (45-60) X 32.5 (25-37.5) 55.4 (52.5--62.5) X 38.5 (32.5-42.5) 57 (52-60) X 27.8 (25-30) 
Lago Gatun, Rio Papagayo basin, Guerrero, Area de Conservacion Rio Tehuantepec basin, 
Host 
Reference 
Panama Mexico 
Brachyrhaphis Profundulus punctatus 
episcopi (profundulidae) 
(poeciliidae) 
Sogandares- Present study 
Bernal, 1955 
we compared the morphometry of our specimens with the original 
measurements for this species (Choudhury et aI., 2006), as well as with 
those for P. mendezi and P. profundulusi. Hosts, prevalence, intensity, and 
abundance of infections are given in Table II. 
Remarks 
The P. blancoi specimens collected from P. punctatus in Guerrero and 
Oaxaca, Mexico, are slightly smaller than those described by Choudhury 
et al. (2006) from Costa Rica. In the specimens from Mexico, the oral 
sucker is smaller and the ventral sucker is larger than in the original 
description of P. blancoi. In addition, the pharynx, ovary, testes, and eggs 
of the Mexican specimens are slightly smaller (Table I). These are 
probably intraspecific variations. Voucher specimens have been deposited 
Guanacaste, Costa Rica Oaxaca, Mexico 
Priapichthys annectens Profundulus punctatus 
(poeciliidae) (Profundulidae) 
Choudhury et aI., 2006 Present study 
at CNHE 7684 to 7694; at USNPC 104502, 104503, 104504; and at 
NHMUK 2011.2.16.34-37. 
Paracretotrema blancoi lives sympatrically with P. profundulusi as a 
parasite of P. punctatus in the Tehuantepec River basin, Oaxaca; in the Rio 
Templ0 at San Juan del Rio; in Ojo de Agua Creek; and in the Atoyac-Verde 
River basin, Oaxaca; and in P. balsanus in the Rio San Jose de las Flores, 
Santiago Jamiltepec. In the Rio Templo, 9 of the 43 examined fish had 
concurrent infections with both species, whereas at Ojo de Agua Creek, only 1 
of the 30 examined fish had a mixed infection. In the Rio San Jose de las 
Flores, both species were found in only 1 of the 20 examined fish. 
In the same collections in which P. blancoi were collected, we also 
examined other fish species living in sympatry with its hosts, P. punctatus 
and P. balsanus. At Piedra Labrada, Guerrero, we examined 20 
Xiphophorus helleri (Poeciliidae), which were negative for P. blancoi. At 
TABLE II. Infection prevalence and intensity of Paracreptotrema blancoi in 3 Profundulus spp. in southern Mexico. 
Intensity range 
No. of hosts minimum-maximum 
Date of No. of hosts parasitized (total trematodes Mean intensity Abundance 
Host locality collection examined (% prevalence) collected) ± SD ± SD 
P. balsanus 
Piedra Labrada, Rio Papagayo August 2006 29 15 (50) 1-17 (72) 4.8 ± 4.2 2.5 ± 3.8 
Rio La Soledad Carrizo September 2009 25 2 (8.0) I-I (2) 1.0 ± 0 0.08 ± 0.27 
Rio San Jose de las Flores September 2009 20 5 (25.0) 1-1 (5) 1.0 ± 0 0.25 ± 0.44 
Rio Santa Cruz Flores Magon September 2009 18 8 (44.4) 1-4 (18) 2.2 ± 1.03 1.0 ± 1.3 
Rio Pichuaca September 2009 22 13 (59.0) 1-5 (26) 2.0 ± 1.3 1.1 ± 1.4 
Rio La Reforma September 2009 20 4 (20.0) 1-3 (7) 1.7 ± 0.9 0.3 ± 0.8 
Rio Pueblo Viejo September 2009 20 2 (10.0) 1-2 (3) 1.5 ± 0.7 0.1 ± 0.4 
Rio Santa Maria Huatulco September 2009 7 5 (71.4) 1-2 (9) 1.8 ± 0.4 1.2 ± 0.9 
P.oaxacae 
Rio Macuta March 2007 37 14 (37.8) 1-7 (36) 2.6 ± 2.1 0.97 ± 1.78 
P. punctatus 
Rio Templo, San Juan del Rio January 2008 43 13 (30.2) 1-8 (33) 2.5 ± 2.2 0.76 ± 1.67 
Ojo de Agua Creek March 2008 30 2 (6.6) 2-9 (ll) 5.5 ± 4.9 0.36 ± 1.6 
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the Rio Macuta, Oaxaca, we examined 26 Notropis moralesi (Cyprinidae) 
that were also negative for P. blacoi. At Ojo de Agua Creek, Oaxaca, only 
P. punctatus was collected, and at the Rio Templo, Oaxaca, we examined 
77 fish from 6 other species, none of which contained P. blacoi. Only P. 
balsanus was collected at Rio La Soledad Carrizo, Rio San Jose de las 
Flores, Rio Santa Cruz Flores Magon, Rio Pichuaca, Rio La Reforma, 
Rio Pueblo Viejo, and in Rio Santa Maria Huatulco, Pochutla. 
DISCUSSION 
Choudhury et aI. (2006) described Paracreptotrema and placed 
it in the Allocreadiidae, although somewhat tentatively. The lack 
of life cycle information pertaining to it and the fact that P. 
blancoi does not have diffuse eyespots in the forebody and 
therefore it is likely that the cercaria lacks eyespots and is not an 
ophthalmoxiphidiocercaria, cast doubts about family position. 
Caira and Bogea (2005) in the most up-to-date treatment for the 
Allocreadiidae consider the family diagnosis to include adult 
forms that either have, or do not have, diffuse eyespots in their 
forebody. Curran et aI. (2006) questioned this proposal; using 
molecular data, they showed that Polylekithum Arnold, 1934 does 
not belong in Allocreadiidae and discussed the possibility that 
Caudouterina Martin, 1966 is probably not an allocreadiid either. 
Both genera lack diffuse eyespots and were included in the 
Allocreadiidae by Caira and Bogea (2005). Therefore, we accept 
that all known cercariae forms for true allocreadiids have 
eyespots, and consequently their adult forms present diffuse spots 
in their forebody (Curran et aI., 2006). Following Choudhury et 
aI. (2006), we tentatively left Paracreptotrema as an allocreadiid; 
however, the genus is clearly a plagiorchioid genus with uncertain 
affinity that needs molecular comparison with xiphidiatan 
families. 
The present data highlight 3 interesting aspects regarding the 
presence of Paracreptotrema in Profundulus spp. First, Para-
creptotrema currently include 3 species that are very similar in 
their general morphology, body form, sucker, and egg size 
(Table I), but they are clearly distinguishable anatomically, 
because each species has particular morphological traits that 
distinguish it from the others. 
Second, both P. blancoi and P. profundulusi were found 
parasitizing the same fish populations and at times even the same 
individual fish. Indeed, we recorded P. blancoi in mixed infections 
with P. profundulusi co-occurring in the same fish in 2 P. punctatus 
populations in the Tehuantepec River basin, Oaxaca, and in 1 P. 
balsanus population in the Atoyac-Verde river basin, Oaxaca. 
Species of Profundulus exhibit similar concurrence patterns in their 
geographic distribution; for example, 3 species have been recorded in 
the Atoyac-Verde River hydrological basin, Oaxaca (Doadrio et al., 
1999). Freshwater species of Profundulus developed isolated in 
hydrological basins of Central America separated by mountain 
chains or barriers such as the Isthmus of Tehuantepec, and they 
reached their current distribution as these basins united and 
separated (Doadrio et aI., 1999). Co-occurrence of trematode species 
in the same profundulid species may be attributed to recent contact 
between different host populations, although geological data for the 
area are not well defined, making it difficult to for us to comment on 
the biological significance of these data. 
Third, the recorded presence of Paracreptotrema in freshwater 
hosts of profundulid fishes is an important addition to our 
knowledge of the helminth parasite fauna of freshwater fishes in 
Central America (Salgado-Maldonado, 2008). The type species of 
Paracreptotrema, P. blancoi, and the original record of P. mendezi 
by Sogandares-Bernal (1955), indicate the close relationship 
between this trematode genus and fishes of the Poeciliidae in 
Central America (Choudhury et aI., 2006). The data we present 
here (high infection prevalences and intensities, broad geographic 
distribution linked to the distribution of the host family, absence 
of records in other fish families living in sympatry, including a 
number of poeciliid species), suggest a close and stable 
relationship between these trematodes and freshwater fishes of 
the Profundulidae. This family is typical of Central America and 
stands out for its antiquity, low diversity, endemicity, and limited 
geographic distribution (Miller, 1955; Doadrio et aI., 1999; 
Martinez-Ramirez, 1999). Together with the comments of 
Choudhury et aI. (2006) on the relationship between Paracrepto-
trema species and the Poeciliidae from Central America, the 
results of the present study suggest several hypotheses that will 
require further analysis. 
In conjunction with the results of Caspeta-Mandujano and 
Moravec (2000) and Caspeta-Mandujano et aI. (2007), the present 
results demonstrate that the freshwater fishes of the Profundu-
lidae are parasitized by a helminth fauna that includes species 
exclusive to this family that are not shared with other Central 
American fish species. 
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A NEW SPECIES OF MYXOSPOREAN (SPHAEROMYXIDAE), A PARASITE OF LINED 
SEAHORSES, HIPPOCAMPUS ERECTUS, FROM THE GULF OF MEXICO 
B. F. Sears, P. Anderson', and E. C. Greinert 
Department of Integrative Biology, University of South Florida, 4202 E. Fowler Ave., Tampa, Florida 33620. e-mail: bsears@mail.usf.edu 
ABSTRACT: Sphaeromyxa cannolii sp. n. is described from the bile ducts of aquaria-maintained lined seahorses (Hippocampus erectus) 
from the Gulf of Mexico. Spores of the new species areiinear, 17-18 /lffilong and 5-6 !Lm wide, with flattened tips; polar capsules measure 
4 X 3 /lffi. Routine necropsies of H. erectus following planned death revealed liver inflammation, bile duct obstruction, bile accumulation, 
and myxozoan parasites in the bile ducts of II of 40 animals sampled (27.5%). The presence of S. cannolii in an aquaculture setting should 
prompt keepers to carefully quarantine new animals and exclude annelid fauna, a potential intermediate host of myxozoans. 
The phylum Myxozoa consists of over 2,100 species (Class 
Myxosporea), many of which are parasites of fish. Sphaeromyxa 
Thelohan, 1892 (Myxosporea: Sphaeromyxidae) includes 39 
species, all of which are parasitic in the gall bladders of marine 
fishes. Several myxozoans are important fish pathogens including 
Myxobolus cerebralis Hoffman, 1990, the causative agent for 
whirling disease in saImonids. However, disease caused solely by 
Sphaeromyxa spp. has never been reported; any mortality 
associated with Sphaeromyxa spp. has been attributed to other 
organisms in mixed infections such as by Glugea heraldi Blasiola, 
1979 (Vincent and Clifton-Hadley, 1989). 
Sphaeromyxa spp. have been previously described in seahorses, 
but no named species has been described from Hippocampus 
erectus Perry, 1810. Sphaeromyxa sabrazesi Laveran and Mesnil, 
1900 was described from the gall bladder of Hippocampus 
brevirostris Schinz, 1822 and Hippocampus guttulatus Cuvier, 
1829 (see also Grasse and Lavette, 1978), and an unidentified 
Sphaeromyxa sp. was reported from H erectus by Vincent and 
Clifton-Hadley (1989). In the present study, we describe a new 
species of Sphaeromyxa from the bile ducts of the lined seahorse, 
H erectus, as well as provide notes on heretofore undescribed 
pathology associated with infection by a Sphaeromyxa species. 
MATERIALS AND METHODS 
In 2005 and 2006, 40 lined seahorses were collected by roller trawls off 
of the central west Florida coast along a north-south gradient from 
northern Citrus County, Florida (29°5'31"N, 82°51'51"W) to southern 
Pasco County, Florida (28°6'29"N, 82°52'51"W). Collected animals were 
held temporarily in multi-species aquarium systems and subsequently 
maintained in a closed, single-species research aquarium system; all tanks 
shared re-circulated water. Animals (n = 40) were necropsied on 3 dates (8 
March, 5 July, and 9 August 2006) as part of a separate experimental 
protocol. Livers and gall bladders were preserved in Bouin's solution 
(except for 3 in 4% paraformaldehyde and 3 in 10% neutral-buffered 
formalin [NBF]) and subsequently transferred to NBF for storage. 
To isolate parasites, the livers and gall bladders were dissected and 
examined using a dissecting microscope at X 15 magnification against a 
dark background with fiber optic lighting from above. Seahorse bile ducts 
contained white tissue that consisted of myxosporean plasmodia. This 
tissue was teased apart using the dissecting microscope and transferred to 
fresh NBF; plasmodia containing myxozoan spores were examined in 
October 2007, using a light microscope at X 1,000 under oil immersion and 
photographed, and then transferred to 70% ethanol. Spores from 3 hosts 
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were later re-photographed and measured using ImageJ software (Abram-
off et aI., 2004); polar capsule measurements were analyzed using 
Student's paired t-test. Due to the lengthy preservation in NBF, we were 
unable to recover any DNA for PCR. Transmission electron microscopy 
(TEM) imaging was performed by the University of Florida Electron 
Microscopy and Bioimaging Lab. Intact distal lobes of livers were 
submitted to the University of South Florida's clinical histology 
laboratory for histological sectioning and staining with hematoxylin and 
eosin (H&E). 
Diagnosis 
DESCRIPTION 
Sphaeromyxa cannolii sp. n. 
(Fig. 1) 
Spores: Mature spores smooth; no visible ridges, projections, or sutural 
edges; NBF-fixed spores 17-18 !Lm (mean 17.6 /lffi) long, 5-6 /lffi (mean 
5.5 /lffi) wide; fusiform in shape, with distinctly flattened, truncated tips 
(Fig. lA-C). Polar capsules ovoid, unequal in size, with 1 polar capsule 
being shorter, but wider, than the second (length: t = 2.38, df = 28, P = 
0.02; width: t = 1.17, df = 28, P = 0.01). Polar filaments coiled in folded 
ribbon fashion characteristic of genus (Lorn, 2004; Fig. lC-D). Shell 
valves equal in size with overlap between the edges of each valve (Fig. ID). 
A single, binucleate sporoplasm characteristic of Sphaeromyxidae (Lorn 
and Dykova, 2006) occupies the space between polar capsules, as does the 
capsulogenic cell (Fig. I C). 
Spore measurements from N BF-fixed samples (in !J.m ± standard error): 
17.6 ± 0.20 X 5.7 ± 0.5 (range 16.6-20.0 X 5.0-7.1), polar capsules 4.8 ± 
0.13 X 3.0 ± 0.06 (range 4.2-5.4 X 2.4-3.3) and 5.2 ± 0.10 X 2.8 ± 0.08 
(range 4.4--5.9 X 2.4--3.5); n = 16 spores from 3 H. erectus. 
Plasmodia: Shape and size range from small (30 /lffi) and nearly spherical 
to large (500-1,000 /lffi) and flattened with lobate pseudopodia (Fig. 2A, B); 
very large plasmodia, which frequently obstructed the bile duct, tended to 
be constricted to the shape of the bile duct epithelium (Fig. 2B). 
Taxonomic summary 
Type host: Lined seahorse, Hippocampus erectus. 
Type locality: Gulf of Mexico; northern Citrus County, Florida 
(29°5'31"N, 82°51 '51"W) to southern Pasco County, Florida (28°6'29"N, 
82°52'51"W). 
Site of infection: Bile ducts. 
Prevalence: 11 of 40 (25.7%). Prevalence by gender: 0 of 15 males (0%), 
11 of 25 females (44%). 
Etymology: The specific epithet is a reflection of its cannoli-like shape. 
Specimens deposited: Spores and plasmodia specimens (syntypes, 
hapantotypes) have been deposited in the U.S. National Parasite 
Collection, Beltsville, Maryland; accession number 102986. 
REMARKS 
Sphaeromyxa cannolii n. sp. belongs to the "Balbiani" (Laird, 1953) 
group. The new species is distinguished from the arcuate spores of the 
"incurvata" group by its linear profile and ovoid polar capsules. The only 
named Sphaeromyxa species from seahorses, S. sabrazesi, belongs to the 
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FIGURE 1. Morphology of Sphaeromyxa cannolii spores: (A) Line drawing. (B) Light microscopy. (C) TEM midsagittal section. The polar capsule 
(pc) contains the coiled polar filament (pf), which is wound ribbon-like in young spores. The capsulogenic cell (cc) is adjacent to the polar capsule. The 
sporoplasm (s) is binucleate. (D) TEM transverse section. Polar filament (pf) is coiled inside the polar capsule (pc), which is adjacent to the shell 
valves (sv). 
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FIGURE 2. Pathology of S. cannolii infection. (A, B) Micrographs of embedded bile ducts in the livers of infected H. erectus specimens, demonstrating 
(A) partial or (B) complete occlusion by plasmodia (p) containing S. cannolii spores at various stages of development as well as free mature spores (ms). 
The bile duct epithelium (be) is cuboidal to low-columnar and mildly attenuated (a). (C) Bile ducts dissected from the liver of an infected H. erectus 
specimen, demonstrating distention and partial or complete occlusion of bile ducts by plasmodia. (D) H. erectus liver infected by Sphaeromyxa cannolii, 
exhibiting bile accumulation (b) characteristic of infection. 
incurvata group and is much larger (spore = 28 x 4.3 ~m, polar capsules 
= 12-15 x 4-6 ~m). Vincent and Clifton-Handley (1989) did not provide 
measurements of the Sphaeromyxa sp. they described from H. erectus; 
while their photographs display spores with similarly flattened tips, the 
polar bodies are located more medially than we found in S. cannolii, in 
which polar bodies are located terminally at each tip. Sphaeromyxa 
zaharoni Diamant et al. (2004) closely resembles S. cannolii in shape, but 
spores of S. zaharoni are smaller (14.5 x 4.8 ~m) and polar capsules are 
slightly larger (4.8 x 3.4 ~m). Further, S. zaharoni parasitizes phyloge-
netically and geographically distant hosts, i.e., scorpaenid fishes from the 
Red Sea (Diamant et aI., 2004). 
DISCUSSION 
The taxonomy of Sphaeromyxa spp. has been almost exclusively 
determined by morphological measurements of spores in conjunc-
tion with zoogeographical records. Of 40 Sphaeromyxa species, our 
new description represents only the sixth record of an ultrastructural 
description of Sphaeromyxa spp. (Diamant et aI., 2004; Lorn, 2004). 
We caution that misshapen spores may take on "aberrant" 
appearances (Aseeva, 2002; Diamant et aI., 2004). We found 1 
seahorse with typical S. cannolii spores in addition to larger, ovoid 
spores that appeared bloated, possibly due to osmotic pressure. 
These spores measured 20 x 8 ~m overall with 5 x 2 ~m polar 
capsules. Further work may demonstrate that these large spores 
belong to a separate species but, because of their rare occurrence 
among our samples, we did not describe them separately. 
To our knowledge, no description of Sphaeromyxa spp. has 
reported pathology or clinical disease as a result of infection. 
Upon necropsy, we found that S. cannolii infections were 
frequently accompanied by liver pathology; spores and plasmodia 
were so abundant that they appeared to clog bile ducts, resulting 
in an accumulation of bile that filled and distended bile ducts in 
the liver (Fig. 2e, D). Histopathology revealed ectatic bile ducts 
partially or completely occluded by plasmodia containing spores 
at various stages of development as well as free spores (Fig. 2A, 
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B). The bile duct epithelium was cuboidal to low columnar and, 
rarely, mildly attenuated. Liver and gall bladder obstruction by a 
parasite is not unheard of; several genera of liver- and gall 
bladder-infecting myxozoans (Zschokkella, Myxidium, Chloro-
myxum, and Ceratomyxa) are capable of causing bile duct 
distension and obstruction (Dykova and Lorn, 2007). Further-
more, Truttaedacnitis stelmioides-infected eels demonstrate vaso-
dilation of proximal bile ducts (Eng and Y ouson, 1992). 
Because previous authors have not remarked upon such 
pathology, we suggest that the intensity of infection in these 
seahorses was due to their long-term housing in captivity. Some 
marine myxosporeans may be transmissible directly from fish-to-
fish (Diamant, 1997; Swearer and Roberston, 1999), such that a 
few wild-infected individuals could have eventually infected co-
housed individuals. Conversely, if S. cannolii does require an 
invertebrate host, such as the obligate annelid intermediate hosts 
of freshwater myxozoans, the invertebrate fauna in seahorses' 
mixed-species aquaria may have amplified parasite prevalence 
once infected by wild individuals. Currently, no invertebrate host 
of a marine myxozoan has been identified, although many 
actinosporean stages of myxozoans from marine invertebrates 
are unpaired with their myxosporean counterparts (Canning and 
Okamura, 2004). Based on the potential of aquatic annelids to 
transmit myxozoan parasites, we emphasize the importance of 
quarantining new, possibly infected, animals and suggest that 
aquarists exclude annelid fauna from fish aquaria. 
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PARAOISTOSOMUM NOVAEGUINEAE N. GEN., N. SP. (DIGENEA) FROM A NEW GUINEA 
CROCODILE: A SURPRISING RELATIVE OF THE ENIGMATIC OISTOSOMUM CADUCEUS 
ODHNER, 1902 
Vasyl V. Tkach 
Department of Biology, University of North Dakota, 10 Cornell Street, Grand Forks, North Dakota 58202. e-mail: vasyl.tkach@und.edu 
ABSTRACT: Paraoistosomum novaeguineae n. gen., n. sp. is described based on specimens from the kidneys of a New Guinea crocodile 
Crocodylus novaeguineae collected in Papua New Guinea. The body shape and the topology of most internal organs of the new species 
are strongly reminiscent of Oistosomum caduceus Odhner 1902, the sole member of Oistosomum, a genus of unclear phylogenetic 
relationships and systematic position described from the Nile crocodile in Sudan in 1902 and never reported since then. At the same 
time, the new species has a number of significant differences from Oistosomum caduceus. Among them are much shorter intestinal ceca, 
a relatively larger ventral sucker, ovary anterolateral to ventral sucker (posterolateral in o. caduceus), vitellaria arranged in 2 clusters 
of loosely organized follicles at the level of ventral sucker (2 narrow long lateral fields in 0. caduceus), much longer esophagus, and 
other characters. Most importantly, the new species has the genital pore situated at the anterior body end adjacent to the oral sucker, 
whereas o. caduceus has the genital pore in front of the ventral sucker. These dramatic differences suggest establishment of a new genus 
for the species from Papua New Guinea. The anatomy of P. novaeguineae n. gen., n. sp. suggests that these genera may not belong to 
the Plagiorchiidae, the current familial allocation of Oistosomum. Scarcity of material and lack of molecular data do not permit 
clarification of this problem at the present time. 
Crocodilians have a highly specific helminth fauna that is 
fascinating from the evolutionary viewpoint (Brooks, 1979; Brooks 
and O'Grady, 1989). Several digenean genera found in crocodil-
ians, e.g., Oistosomum Odhner 1902, Exotidendrium Mehra 1935, 
Deurithitrema Blair, 1985, arld Renivermis Blair, Purdue and 
Melville, 1988, are particularly poorly known and cannot be 
confidently allocated to any family. Oistosomum was originally 
described based on a single specimen from the Nile crocodile, 
Crocodylus niloticus (Laurenti, 1768), in Sudan more than 100 yr 
ago (Odhner, 1902) and has not been reported since. The genus 
remains enigmatic and its systematic position was always unclear. 
Hughes et al. (1942) listed it among p1agiorchiid species with 
undetermined subfamily allocation. Yamaguti (1958, 1971) placed 
it in a separate subfamily Oistosominae Yamaguti, 1958 within the 
Plagiorchiidae Liihe, 1901 (Yamaguti, 1958, 1971). Most recently, 
Tkach (2008) placed Oistosomum in the clearly polyphyletic 
Plagiorchiidae; the subfamilies within the Plagiorchiidae were 
dropped by Tkach (2008) because available data did not allow the 
clear separation of plagiorchiid genera into monophyletic lineages. 
While material from crocodiles deposited by different research-
ers at different times in the Queensland Museum (QM) was under 
study, a vial was found containing 2 specimens labeled as 
Oistosomum from the New Guinea crocodile, Crocodylus novae-
guineae Schmidt, 1928. Morphological examination of these 
specimens has clearly demonstrated that they represent a new 
genus and species of digenean obviously related to Oistosomum, 
but different from the latter in many important morphological 
characters. The diagnosis of the new genus and description of the 
new species is provided herein. 
MATERIALS AND METHODS 
The QM lot G225742 contained 2 specimens of digeneans collected by 
P. W. Ladds from the kidneys of a New Guinea crocodile Crocodylus 
novaeguineae in Merauke, the Indonesian part of the island of New 
Guinea (approximate coordinates 8°28/43"S, 1400 23/27"E) on 22 May 
1990. Because the original fixative is unknown and the specimens are 20 yr 
old, DNA extraction was not attempted. The specimens were preliminarily 
identified as Oistosomum by Dr. David Blair. With permission from the 
Received 27 December 2010; revised 24 February 2011; accepted 3 
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museum, total mounts of these specimens were prepared. They were 
stained with aqueous alum carmine (holotype) or Mayer's hematoxylin 
(paratype), dehydrated in a graded ethanol series, cleared in clove oil (after 
carmine) or methyl salicylate (after hematoxylin), and mounted perma-
nently in Damar gum. One of the specimens lacked the posterior end of 
the body and was too distorted to be useable for description or accurate 
measurements. Nevertheless, it was still useful to confirm all the 
characteristic morphological features of the new species. The other 
specimen was suitable for morphological study and was chosen as the 
holotype. Measurements were taken from a DIC-equipped compound 
microscope Olympus BX-51 with Rincon software (v. 7.1.2, Imaging 
Planet, Goleta, California) and drawings were made on a DIC-equipped 
compound microscope Leica DM5000B with the use of a drawing 
attachment. All measurements are in micrometers. 
DESCRIPTION 
Paraoistosomum n. gen. 
Diagnosis: Body elongate, with sleeve- or earlike triangular projections 
on each side of body posterior to testes. Oral sucker subterminal, smaller 
than ventral sucker. Prepharynx absent. Pharynx much smaller than oral 
sucker. Esophagus long, very muscular. Intestinal bifurcation at short 
distance anterior to ventral sucker. Ceca terminate at approximately 3/5 of 
body length from anterior end of body. Ventral sucker large, near anterior 
end of body. Testes large, deeply lobed, symmetrical, immediately 
posterior to ventral sucker. Cirrus sac elongate, preacetabular; its 
proximal end may reach ventral sucker, its distal end extending anteriorly 
to open into submarginal genital pore sinistral to oral sucker. Internal 
seminal vesicle undivided. Ovary submedian, anterodextral to ventral 
sucker, between ventral sucker and left cecum. Seminal receptacle 
immediately posteromedian to ovary. Vitellarium arranged in 2 compact 
clusters of follicles on either side of ventral sucker and partly dorsal to 
ventral sucker. Uterus passes between testes and occupies intercecal 
posttesticular space and almost reaches posterior end of body. Uterus 
opens into genital pore at anterior end next to cirrus sac. Excretory system 
unknown, only beginning of thin bladder stem observed. 
Taxonomic summary 
Parasites of crocodiles: New Guinea. 
Type species: P. novaeguineae n. sp. 
DESCRIPTION 
Paraoistosomum novaeguineae n. gen., n. sp. 
(Fig. 1) 
Diagnosis: Body elongate, narrowing at both ends, 4,596 long, with 
sleeve- or earlike triangular projections on each side of body posterior to 
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FIGURE 1. Paraoistosomum novaeguineae n. gen., n. sp. (A) General view of holotype. (B) Anterior end showing topology of reproductive system. 
Only outlines of vitellaria are shown to provide a clear view of other organs. (C) Ventral sucker area showing distribution of vitellaria. Scale bars: A = 
1,000 1Jlll, Band C = 500 ~m. 
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testes. Body width at level of projections 1,679. Body wall muscles 
particularly well developed in region of projections. Tegumental spines not 
observed. Oral sucker subterminal, 193 X 190, somewhat distorted in 
holotype, much smaller in size than ventral sucker. Prepharynx absent. 
Pharynx 128 X 80, much smaller than oral sucker. Esophagus relatively 
long, 350, very muscular, thick walled. Intestinal bifurcation at short 
distance anterior to ventral sucker. Ceca terminate at 1,876-1,887 from 
posterior end of body. Ventral sucker large, round, 342 in diameter, 
situated at approximately 115 of body length from anterior end. Distance 
from center of ventral sucker to anterior end of body 1,005. Forebody to 
total body length ratio 1:4.57. Testes large, elongated, deeply lobed, 
symmetrical, intercecal, immediately posterior to ventral sucker. Right 
testis 590 X 301, left testis 537 X 278. Cirrus sac elongate, preacetabular, 
615 X 70. Its proximal end may reach ventral sucker, its distal end 
extending anteriorly and opens into submarginal genital pore sinistral to 
oral sucker. Cirrus sac is completely filled with undivided convoluted 
seminal vesicle filled with sperm. Cirrus not observed. Ovary 252 X 145, 
slightly lobed or notched, submedian, anterodextral to ventral sucker, 
between ventral sucker and left cecum and partly overlapped by ventral 
sucker. Seminal receptacle immediately posteromedian to ovary. Vitellar-
ium consists of 2 compact clusters of follicles, 1 on each side of ventral 
sucker, and partly overlapped by ventral sucker. Anterior margins of 
vitelline clusters 840--900 from anterior end of body. Uterus passes 
between testes and occupies intercecal posttesticular space forming 
characteristic folds perpendicular to longitudinal body axis. Uterus almost 
reaches posterior end of body, turns, and reaches anterior end of body to 
open into genital pore next to cirrus sac. Eggs very numerous, operculated, 
33-34 X 16-17. Excretory system unknown; only beginning of thin 
bladder stem observed. 
Taxonomic summary 
Type host: New Guinea crocodile Crocodylus novaeguineae Schmidt, 
1928. 
Site of infection: Kidney. 
Type locality: Merauke, New Guinea, Indonesia, approximate coordi-
nates 8°28'43"S, l40023'27''E. Exact locality is unknown. 
Specimens deposited: Holotype, Queensland Museum, Brisbane, Aus-
tralia QM G225742; para type, QM G232222. 
Etymology: The new species name reflects its distribution in New 
Guinea and the new genus name reflects its relatedness and morphological 
similarity to Oistosomum. 
Remarks 
Based on the combination of morphological features such as the 
rhomboid body, presence of lateral projections, position of gonads, 
particularly the opposite postovarian testes, as well as the shape of 
the uterus, the new species is closely related to Oistosomum caduceus 
Odhner, 1902 known only from the Nile crocodile in Africa. At the same 
time, it is obvious that the specimens from New Guinea not only clearly 
differ from 0. caduceus, but should be allocated in a separate genus as 
proposed here. 
There are a number of significant features separating the 2 species. Some 
can be considered species-level differences, e.g., much shorter intestinal ceca 
in the new species (in 0. caduceus ceca reach the posterior end of body), 
relatively larger ventral sucker in P. novaeguineae n. sp., ovary anterolateral 
to ventral sucker in P. novaeguineae n. sp. (posterolateral to ventral sucker 
in 0. caduceus), and much longer esophagus in P. novaeguineae n. sp. 
However, some other differences are certainly consistent with level of 
differences usually observed between different genera. Among them are 
vitelline follicles arranged in the new species in 2 clusters situated on either 
side of the ventral sucker, whereas in O. caduceus they are arranged in 2 
long and narrow lateral fields stretching from the intestinal bifurcation to 
mid-testicular level. Even more importantly, the genital pore in P. 
novaeguineae is situated at the anterior body end by the oral sucker with 
cirrus sac extending from anterior margin of ventral sucker or intestinal 
bifurcation to anterior end of body, whereas O. caduceus has the genital 
pore situated between the ventral sucker and intestinal bifurcation and 
cirrus sac extending posteriorly to the level of posterior margin of ventral 
sucker. These dramatic differences strongly suggest establishment of a new 
genus for P. novaeguineae n. sp. 
DISCUSSION 
Paraoistosomum novaeguineae n. sp. is almost certainly one of 
the digeneans reported by Ladds and Sims (1990) as part of their 
survey of diseases of young crocodiles in Papua New Guinea, 
which was until now the only publication mentioning helminths of 
the New Guinea crocodile. These authors have provided images 
of histological sections and analysis of pathology associated with 
digenean infections of crocodile kidneys. Besides Paraoistosomum, 
the crocodiles examined by Ladds and Sims (1990) could 
potentially harbor members of Deurithitrema Blair, 1985 and 
Renivermis Blair, Purdue and Melville, 1988 described from 
crocodiles in nearby Australia (Blair, 1985; Blair et aI., 1989; 
Pichelin et aI., 1999). Unfortunately, the information provided by 
Ladds and Sims (1990) is insufficient for a confident conclusion 
regarding the identity of the digeneans observed in their study. 
The difference in the position of the genital pore between 0. 
caduceus and P. novaeguineae, given the unique body shape 
shared by these species and similarity in most other morpholog-
ical features, is quite puzzling. Assuming that Odhner's (1902, 
1910) description and drawing are accurate, it is evidence of a 
rather long evolutionary separation of the 2 taxa. The discovery 
of P. novaeguineae is exciting, and allows us to hypothesize the 
existence of additional, potentially morphologically intermediate, 
forms in crocodilians in southern and southeastern Asia. 
The cirrus sac organization of P. novaeguineae, namely, the 
presence of an undivided, convoluted seminal vesicle not typical 
for plagiorchiids, suggests that neither Oistosomum nor Para-
oistosomum belong to this family. Parasitism in crocodilians also 
suggests vertebrate (fish or amphibian) intermediate hosts, highly 
uncharacteristic for plagiorchiids. However, this will remain only 
a hypothesis until fresh specimens of the 2 species are collected 
and included in future molecular phylogenetic studies. New 
materials are also necessary to clarify important morphological 
features of this digenean lineage, e.g., details of the excretory 
system, which is currently completely unknown. Some other 
genera of digeneans, are currently known only from crocodilians 
in a single region, e.g., Deurithitrema and Renivermis, have been 
reported only from Australia and Exotidendrium only from India. 
At the same time, helminths of several crocodilian species in 
various parts of the world remain understudied or not studied at 
all (Brooks, 1979; Brooks and O'Grady, 1989; Tkach and Snyder, 
2010). Discovery of Paraoistosomum n. g. in a different 
zoogeographic region suggests that representatives of some of 
the above genera can be also found elsewhere, and, perhaps, shed 
new light on evolution and historic biogeography of parasites in 
this ancient group of vertebrates. 
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DEVELOPMENT OF A DOUBLE ANTIBODY SANDWICH ELISA ASSAY FOR THE 
DIAGNOSIS OF ANGIOSTRONGYLIASIS 
Mu-Xin Chen, Kun Wang*, Lin Ait, Wen-Hao Vant, Liang Pengt, and Ren-Li Zhang§ 
Shenzhen Center for Diseases Control and Prevention, Shenzhen, Guangdong Province 518020, People's Republic of China. e-mail: renlizhang@ 
tom. com 
ABSTRACT: With the use of 2 monoclonal antibodies (MAbs) against excretory/secretory (ES) antigens of adult Angiostrongylus 
cantonensis, a new method was developed for double antibody sandwich ELISA for the detection of circulating antigens (CAg), To 
evaluate the sensitivity of the new procedure, the CAg in sera of rats (80) and mice (15) infected with A. cantonensis, as well as CAg in 
sera of clinically confirmed angiostrongyliasis patients (70), were evaluated, Cross-reaction testing was used to determine the specificity 
of serum from patients infected with Ascaris lumbricoides, Trichinella spiralis, Toxoplasma gondii, Schistosoma japonicum, Paragonimus 
westermani, Clonorchis sinensis, Echinococcus granulosus, Spirometra, and Taenia solium, as well as normal healthy people, The results 
proved that the sensitivity and the specificity of the new method were totally effective for the detection of A. cantonensis CAg. The 
assay is highly sensitive, specific, and reproducible, with easy handling and excellent cost effectiveness, and thereby provides a new 
method for the accurate diagnosis of angiostrongyliasis. 
Angiostrongylus cantonensis is a zoonotic pathogen that can 
cause human angiostrongyliasis with eosinophilic meningitis as 
the main clinical manifestation (Wang et aI., 2008; Zhang et aI., 
2008). Adult A. cantonensis naturally occurs in the pulmonary 
arteries and hearts of domestic rats (Kwo and Kwo, 1968; Zhang 
et aI., 2008). Humans become infected by ingesting third-stage 
larvae in raw or undercooked intermediate hosts (snails) (Chau et 
aI., 2003; Wang et aI., 2010) or paratenic hosts (frogs and fish) 
(Lai et aI., 2007; Ali et aI., 2008), especially the important 
intermediate hosts, Achatina fulica and Pomacea canaliculata 
(Chau et aI., 2003; Caldeira et aI., 2007; Wang et aI., 2010). It has 
also been reported that consuming contaminated salad and 
vegetable juice can cause infection (Tsai et aI., 2004). After 
ingestion, A. cantonensis larvae then migrate to the brain, spinal 
cord, and nerve roots (Slom et aI., 2002; Chau et aI., 2003; Wang 
et aI., 2008). 
The first human case of angiostrongyliasis was reported in 
Taiwan in 1945. After that, a number of outbreaks of the disease 
were reported in the Pacific islands (Alicata, 1991; Wang et aI., 
2008). Numerous travelers have been diagnosed with eosinophilic 
meningitis caused by A. cantonensis when they returned from 
endemic regions (Lo and Gluckman, 2001; Slom et aI., 2002; 
Bartschi et aI., 2004; Tsai et aI., 2004; Leoneet aI., 2007; Lvet aI., 
2008). These serious outbreaks have caused great concern for 
both the general public and health-care providers. 
The diagnosis of human angiostrongyliasis presently depends 
on both clinical features and laboratory tests. Definitive diagnosis 
is performed by the isolation of larval or juvenile worms in the 
cerebrospinal fluid (CSF) of infected individuals. However, in the 
absence of a definitive diagnosis, immunological tests are used, 
because A. cantonensis are seldom found in the limited volume of 
CSF analyzed (Podwall et aI., 2004; Lv et aI., 2008; Wang et aI., 
2010). Like the sandwich ELISA technique, immunological tests 
for the detection of circulating antigen (CAg) presented in the sera 
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of current or a recent past infection would be valuable in 
individual diagnosis and epidemiological studies. The sandwich 
ELISA method has the advantages of sensitivity, specificity, and 
repeated control, and it provides a useful detection method for 
clinical diagnosis and chemical treatment (Chen et aI., 2008; 
Estuningsih et aI., 2009). 
Here, a specific MAb AW-3C2 against the antigens of A. 
cantonensis adult worms was used in a sandwich ELISA for the 
detection of CAg in the sera from humans exhibiting angio-
strongyliasis; the results showed that the specificity of the assay 
with this MAb was 100%, and the sensitivity was 50% 
(Eamsobhana et aI., 1995). Chye et aI. (1997) used 2 MAbs, 
which recognize the epitope on an antigen with a molecular 
weight of 204 kD to detect CAg by sandwich ELISA of the fifth-
stage worm of A. cantonensis. The levels of this CAg in 
experimentally infected mice were significantly higher 3 wk after 
infection, and the sensitivity in CSF was significantly higher than 
in serum. However, the sensitivity of the antigen detection in 20 
sera from patients with A. cantonensis worms was only 85%. The 
specific MAbs against antigens of A. cantonensis adults have been 
prepared and used to detect CAg in sandwich ELISA; the 
specificity of their methods was high, but the detection sensitivity 
remained unsuitably low (Liang et aI., 2005; Tan et aI., 2005). 
In the present research, 4 MAbs against excretory/secretory 
(ES) antigens of A. cantonensis adult worms were prepared in our 
laboratory. Immunoblotting revealed that the MAbs predomi-
nantly recognized a 98-kDa antigen in the ES products of A. 
cantonensis adult worms, whereas no cross reactions were 
observed with the whole-worm antigens of several other common 
parasites. Moreover, immunolocalization showed that all of the 
MAbs reacted with the cuticle of the adult parasite, the external 
surface of its intestinal canal, and reproductive organs, as well as 
its egg and first-stage larvae in the lungs of rats experimentally 
infected with A. cantonensis. The specific MAbs against A. 
cantonensis ES antigens provide a foundation for the development 
of specific immunological diagnostic techniques for human 
infections with A. cantonensis (Chen et aI., 2010). Two specific 
MAbs (12D5C12, 21B7Bll) against ES antigens of A. cantonensis 
adult worms were used to establish the sandwich ELISA for the 
detection of CAg of A. cantonensis in sera of patients and to 
compare the specificity and sensitivity of the sandwich ELISA 
with the earlier sandwich ELISA methods (Eamsobhana et aI., 
1995; Chye et aI., 1997; Liang et aI., 2005; Tan et aI., 2005). 
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TABLE I. Detection of circulating antigen of Angiostrongylus cantonensis in various human and animal sera with the use of a double antibody 
sandwich ELISA. 
Serum samples' No. examined No. positive Prevalence (%) 
Rats infected with A. cantonensis 80 80 100 
Specific-pathogen-free (SPF) Sprague Dawley rats 50 0 0 
Mice infected with A. cantonensis 15 15 100 
SPF BALB/c mice 10 0 0 
Patients with A. cantonensis 70 70 100 
Patients with Ascaris lumbricoides 27 0 0 
Patients with Trichinella spiralis 3 0 0 
Patients with Toxoplasma gondii 10 0 0 
Patients with Schistosoma japonicum 18 0 0 
Patients with Paragonimus westermani 24 0 0 
Patients with Clonorchis sinensis 50 0 0 
Patients with Echinococcus granulosus 7 0 0 
Patients with Spirometra 8 0 0 
Patients with Taenia solium 12 0 0 
Healthy adult 100 0 0 
• Toxoplasma gondii infections were confirmed serologically, whereas patients infected with other parasites were diagnosed parasitologically. 
MATERIALS AND METHODS 
Sera of patients with angiostrongyliasis 
Serum samples were obtained from 4 angiostrongyliasis patients with 
confirmed parasites, plus 66 patients with clinically confirmed angio-
strongyliasis in Shenzhen Center for Diseases Control and Prevention 
(SZCDC), Shenzen, China. The latter group of patients was diagnosed 
with angiostrongyliasis based on the clinical symptoms and a previous 
history of eating raw or undercooked intermediate hosts or transport hosts 
in endemic areas. In this group, eosinophils reached at least 7% of the 
white cell counts in peripheral blood and 10% of white cell counts in 
cerebrospinal fluid, plus evidence of brain image abnormality (not all), as 
well as high reactivity in an ELISA to whole A. cantonensis antigen, and 
no reactivity to antigens of Schistosoma japonicum, Clonorchis sinensis, 
Paragonimus westermani, Ascaris lumbricoides, Trichinella spiralis, Anisa-
kis sp., Echinococcus granulosus, Taenia solium, and Spirometra (Slom et 
aI., 2002; Chau et a!., 2003; Tsai et a!., 2004). 
Sera from patients with other parasitic infections 
Serum samples were also obtained from patients infected with A. 
lumbricoides, T. spiralis, Toxoplasma gondii, S. japonicum, P. westermani, 
C. sinensis, E. granulosus, Spirometra, and Taenia solium in SZCDC 
(Table I). 
Sera of mice and rats experimentally infected with A. cantonensis 
Sera of BALB/c mice were obtained after oral infection with the third-
stage larvae (L3) of A. cantonensis, and young adult worms were harvested 
from the brains of the mice in SZCDC (Ishida and Yoshimura, 1992). Sera 
were obtained from Sprague Dawley (SD) rats that were orally infected 
with the third-stage larvae (L3) of A. cantonensis; adult worms were 
harvested from the rat lungs in SZCDC (Kocan and Whitley, 1972; Ishida 
and Yoshimura, 1992). All animals used in the experiments were handled 
in strict accordance with good animal practice according to the Animal 
Ethics Procedures and Guidelines of the People's Republic of China, and 
the study was approved by SZCDC. 
Sera for controls 
Sera were obtained from healthy adult people and pathogen-free (SPF) 
BALB/c mice and rats. 
Monoclonal antibodies 
Two specific MAbs (12D5C12, 21B7Bll) against ES antigens of A. 
cantonensis adult worms as revealed by ELISA were selected for the 
present study. Both of the MAbs were produced and purified at SZCDC 
(Chen et a!., 2010). The MAb isotype of 12D5CI2 was IgGl, and 21B7Bll 
was IgM. 
Labeling of MAb with horseradish peroxidase (HRP) 
Coupling ofMAb 21B7BII with HRP (Sigma, St. Louis, Missouri) was 
performed by the method described by Nakane and Kawaoi (1974) and 
Tijssen and Kurstak (1984). Briefly, 5 mg ofHRP was treated with 0.3 ml 
of 0.02 M sodium periodate for 20 min at 25 C, followed by overnight 
dialysis against O.oI M sodium acetate buffer (PH 4.4) at 4 C. The treated 
HRP preparation (0.3 ml) was mixed with 0.3 ml of purified MAb 
21B7Bll (5 mg of protein) dissolved in 1.0 ml of 0.05 M sodium carbonate 
buffer (PH 9.5), and the mixture was stirred for 2 hr at 25 C. The coupling 
reaction was terminated by adding 0.025 ml of 0.1 M sodium borohydride 
and stirring for 2 hr at 4 C, which was precipitated by addition of equal 
volumes of 100% ammonium sulfate (4 C, 2.5 hr), centrifuged (6,000 rpm, 
15 min), dialyzed against 0.01 M PBS (pH 7.4) at 4 C overnight, and 
stored at -20 C after dilution with glycerol (v/v 1:1). 
Double antibody sandwich ELISA 
The ELISA system used in this study was a modification of the 
sandwich ELISA as described by Chen et a!. (2008). Briefly, each well of 
polystyrene 96-well plates (BBI, Shanghai, China) was coated with 100 JlI 
of MAb 12D5C12 with concentration of 5 Jlglml in 0.05 M bicarbonate 
buffer (pH 9.6) and incubated overnight at 4 C. Mter incubation, the 
plates were washed 3 times with phosphate-buffered saline (PBS, pH 7.4) 
containing 0.05% tween-20 (PBST) and the binding sites were blocked 
with 0.1 % (v/v) bovine serum albumin at room temperature for 1 hr. The 
sera (without dilution) of patients, infected mice/rats, and the normal 
control were added to each well with 100 JlVwell and the plates were 
incubated at 37 C for I hr, followed by 3 washes with PBST. Then HRP-
labeled MAb 21B7Bll was added (100 Jll/well) and the plates were 
incubated at 37 C for 0.5 hr and washed 3 times again. After that, 
substrate solution (0.02% H20 2), 2 mglml o-phenylenediamine (Sigma) 
and 0.1 M citrate-phosphate buffer (pH 5.8) were added to each well with 
100 Jll/well, followed by 5 min incubation at 37 C. Finally, the reaction was 
stopped with 2 M H2S04 (50 J.1l/well). The optical density (OD value) of 
the reaction product was read at 492 nm in an ELISA reader (Thermo 
Scientific, Waltham, Massachusetts). 
Detection limit 
The ES antigens of A. cantonensis adult worms were diluted to a 
gradient as follows: 4 nglml, 2 nglml, I nglml, 0.5 nglml, and 0.25 nglml, 
with the sera of healthy adults; then, CAg was detected by the double 
antibody sandwich ELISA as described previously. During the process, 
sera of parasitologically confirmed angiostrongyliasis were used as 
TABLE II. Detection limit of sandwich ELISA for detection of Angio-
strongylus cantonensis circulating antigens (CAg). 
The level of CAg (nglml) 
4 
2 
1 
0.5 
0.25 
Positive control 
Negative control 
Blank 
Mean optical density ± SD (492 nm) 
1.18 ± 0.05 
0.80 ± 0.03 
0.52 ± 0.04 
0.35 ± 0.02 
0.17 ± 0.03 
0.58 ± 0.03 
0.09 ± 0.02 
o 
positive controls, sera of healthy adults were used as negative controls, 
and PBS was used as a blank. In brief, after coating with MAb 12D5C12 
and blocking with bovine serum albumin, the dilution, positive control, 
negative control, and PBS were added to each well with 100 Ill/well and the 
plates were incubated at 37 C for 1 hr, followed by 3 washings with PBST. 
Then, HRP-labeled MAb 21B7Bli was added to incubate, colored, and 
the OD value of the reaction product was read in the same manner as the 
double antibody sandwich ELISA described above. 
RESULTS 
Sensitivity and specificity 
Infection for 80 SD rats and 15 BALB/c mice fed orally with the 
third-stage larvae (L3) was 100%; detection of A. cantonensis CAg 
in the experimental rats can be seen as early as 7 days after 
infection. Detection of the sandwich ELISA diagnosing angio-
strongyliasis with detectable CAg was also 100% (70 of 70). 
However, when testing a group of 159 patients with various other 
parasitic infections, the sandwich ELISA consistently produced a 
negative reaction. Likewise, sera from 100 healthy people, 50 SPF 
SD rats, and 10 SPF BALB/c mice were also negative. The results 
of the technique are summarized in Table I. 
Detection limit 
The OD sensitivity values of the sandwich ELISA to CAg in 
various dilutions for ES antigens are shown in Table II. The 
minimum detectability was 0.5 ng/mi. 
DISCUSSION 
Circulating parasite antigen was first revealed in the CSF of a 
A. cantonensis-infected monkey in 1973 with the use of an indirect 
hemagglutination test (Chen et aI., 1973). However, the conven-
tional antibody preparation as probes for parasite antigen 
detection has been limited by the variability of the immune 
response to various antigens and by the heterogeneity of antibody 
affinity and avidity. MAbs with defined specificities could 
hypothetically be used as immunodiagnostic reagents for the 
detection of parasite antigens (Eamsobhana et aI., 1995, 1997; 
Ishiyamna et aI., 2009). Recently, MAbs have been produced and 
evaluated for their usefulness in the detection of CAg in sera of 
angiostrongyliasis patients with the use of microtiter plate based 
on enzyme immunoassays (Shi and Chen, 1991; Eamsobhana et 
aI., 1995; Chye et aI., 1997; Liang et aI., 2005; Tan et aI., 2005). 
However, most of the specific methods for angiostrongyliasis 
diagnosis used at present are not satisfactory because of 
insufficient sensitivity, specificity, and reproducibility. Therefore, 
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preparing MAbs as suitable targets of epitopes, or detecting CAg 
associated with suitable different developmental stages of A. 
cantonensis, has important significance. 
Fortunately, MAbs designated l2D5C12 and 2lB7Bll, which 
produce IgG 1 and IgM, respectively, and recognize the epitopes 
on an ES antigens of A. cantonensis adult worms with a molecular 
weight of98 kDa, have been recently prepared (Chen et aI., 2010). 
These MAbs can react with eggs, first-stage larvae, and the adults 
of A. cantonensis, suggesting that different developmental stages 
of A. cantonensis secrete common antigens. Thus, MAbs 
l2D5C12 and 2lB7Bll were able to detect CAg in all of the 
patients with angiostrongyliasis. The specificity and the sensitivity 
of the sandwich ELISA were 100%, and the minimum detectabil-
ity was 0.5 ng/mi. Moreover, the CAg of A. cantonensis in the 
experimental rat can be detected as early as 7 days following 
infection, whereas the Chye et ai. (1997) method required 21 days 
in experimental mice. 
It is apparent that the MAbs-based sandwich ELISA method 
described in the present study is a reliable, rapid, and practical 
procedure for the detection of active A. cantonensis infection in 
humans. Additionally, the assay does not require any sophisti-
cated apparatus and is, therefore, most adaptable for use in a field 
test kit. However, because of the difficulty in obtaining confirmed 
cases of A. cantonensis infection, only a relative small number of 
serum samples were used in the present study and a field trial will 
be needed to confirm our contention. 
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DETECTION AND DIFFERENTIATION OF COCCIDIAN OOCYSTS BY REAL-TIME PCR AND 
MELTING CURVE ANALYSIS 
Laura F. Lalonde and Alvin A. Gajadhar 
Centre for Food-borne and Animal Parasitology, Canadian Food Inspection Agency, 116 Veterinary Road, Saskatoon, S7N 2R3, Canada. 
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ABSTRACT: Rapid and reliable detection and identification of coccidian oocysts are essential for animal health and food borne disease 
outbreak investigations, Traditional microscopy and morphological techniques can identify large and unique oocysts, but they are 
often subjective and require parasitological expertise. The objective of this study was to develop a real-time quantitative PCR(qPCR) 
assay using melting curve analysis (MCA) to detect, differentiate, and identify DNA from coccidian species of animal health, zoonotic, 
and food safety concern, A universal coccidia primer cocktail was designed and employed to amplify DNA from Cryptosporidium 
parvum, Toxoplasma gondii, Cyciospora cayetanensis, and several species of Eimeria, Sarcocystis, and Isospora using qPCR with SYBR 
Green detection, MCA was performed following amplification, and melting temperatures (T m) were determined for each species based 
on multiple replicates. A standard curve was constructed from DNA of serial dilutions of T. gondii oocysts to estimate assay sensitivity, 
The qPCR assay consistently detected DNA from as few as 10 T. gondii oocysts, Tm data analysis showed that C. cayetanensis, C. 
parvum, Cryptosporidium muris, T. gondii, Eimeria hovis, Eimeria acervulina, Isospora suis, and Sarcocystis cruzi could each be 
identified by unique melting curves and could be differentiated based on Tm, DNA of coccidian oocysts in fecal, food, or clinical 
diagnostic samples could be sensitively detected, reliably differentiated, and identified using qPCR with MCA, This assay may also be 
used to detect other life-cycle stages of coccidia in tissues, fluids, and other matrices. MCA studies on multiple isolates of each species 
will further validate the assay and support its application as a routine parasitology screening tooL 
Coccidian oocyst species can cause a range of diseases that have 
significant health and economic implications for both animals and 
humans, Traditional microscopy and morphological techniques 
are typically used to identify coccidian oocysts, but they are often 
subjective, require significant parasitological expertise, and are 
not reliable for species identification, Because of the challenges 
associated with isolating, detecting, and identifying oocysts in 
fecal or food samples, diseases associated with species of Eimeria, 
Sarcocystis, Imspora, Cryptosporidium, Cyclospora, and Toxo-
plasma are likely under-detected, and disease outbreak investiga-
tions and treatments may be hampered (Gajadhar and Allen, 
2004), Therefore, there is a need for a reliable screening method 
for routine use in surveys and disease outbreak investigations for 
the detection of coccidian oocysts that are known to infect 
animals, including humans, 
Here, we describe the development of a real-time quantitative 
PCR (qPCR) assay with fluorescent melting curve analysis 
(MCA) for detection and definitive identification of several 
groups of coccidian oocysts (including species of Cyclospora, 
Toxoplasma, Eimeria, Sarcocystis, Isospora, and Cryptosporidium) 
that are of public and animal health significance, Real-time qPCR 
with fluorescent MCA has been applied in a wide variety of 
scientific fields, For example, it has been used to successfully 
differentiate genetic variants of Cryptosporidium parvum that are 
pathogenic to humans (Lim or et aI., 2002; Ramirez and 
Sreevatsan, 2006; Pangasa et aI., 2009), species of Eimeria 
(Kirkpatrick et aI., 2009), Borrelia (Mommert et aI., 2001; Rauter 
et aI., 2002), and Plasmodium (Safeukui et aI., 2008), groups of 
Leishmania organisms (Schulz et aI., 2003), plum pox virus strains 
(Varga and James, 2005), and also in single nucleotide polymor-
phism detection (Zhou et aI., 2004; Graham et aI., 2005), Benefits 
of qPCR include faster testing and reduced potential for sample 
contamination because the assay and subsequent fluorescent 
MCA is performed in a closed-tube format. Using universal 
coccidia primers that amplify a wide range of important coccidia, 
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the assay should be a useful parasitology tool, well suited for 
routine screening of known and unknown oocysts isolated from 
fecal or produce wash samples, 
The objectives of this study were to: (1) design universal 
primers to amplify DNA from coccidian species of public and 
animal health importance; (2) evaluate the use of qPCR with 
fluorescent MCA for detection and differentiation of DNA from 
groups of coccidia; and (3) demonstrate this novel approach as a 
proof of concept for use in testing for coccidian oocysts in food or 
clinical samples, 
MATERIALS AND METHODS 
Oocysts 
Oocysts of C. cayetanensis were obtained from human fecal samples 
collected in Nepal and stored in 2,5% potassium dichromate solution at 
4 C for less than 12 mo. The majority of oocysts were unsporulated, Prior 
to use, oocysts of C. cayetanensis were isolated from feces using a modified 
sucrose flotation method as described previously (Gajadhar, 1994; 
Lalonde and Gajadhar, 2008), Oocysts of C. parvum (Iowa strain) 
purchased from Sterling Parasitology Laboratory (University of Arizona, 
Tucson, Arizona) were isolated from the feces of an experimentally 
infected calf using discontinuous sucrose and cesium chloride centrifuga-
tion gradients. Toxoplasma gondii oocysts (Type III, VEG strain [Dubey, 
2001]) were isolated from the feces of experimentally infected cats using 
20% NaCI solution and cesium chloride centrifugation gradients (Dumetre 
and Darde, 2004). Eimeria hovis and Eimeria acervulina oocysts were 
isolated from fecal samples stored in either 2,5% potassium dichromate 
solution or saline using cesium chloride centrifugation gradients, 
Cryptosporidium muris oocysts and Sarcocystis cruzi sporocysts in fecal 
samples (from earlier research studies) stored in 2,5% potassium 
dichromate were isolated using a modified sucrose flotation method, as 
above. Isospora suis oocysts were isolated from fresh porcine feces using a 
modified sucrose flotation method, as above, Genomic DNA was 
extracted from oocysts using either the QIAamp DNA Micro Kit « 100 
oocysts; Qiagen, Mississauga, Canada) or the DNeasy Blood and Tissue 
Kit (:::: 100 oocysts; Qiagen) with modifications to the manufacturer's 
protocol as described previously (Lalonde and Gajadhar, 2008). 
Universal coccidia primer cocktail design 
The universal coccidia primer cocktail consisted of 7 oligonucleotide 
primers (Table I) designed to amplify an ~315-bp region of 18S rDNA 
from a range of coccidians, including species of Cyciospora, Cryptospo-
ridium, Toxoplasma, and Sarcocystis. The cocktail included 18SiFII8SiR 
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TABLE 1. Universal coccidia primer cocktail sequences used in qPCR. 
Primer 
Crypto F* 
Crypto R* 
Cyclo F 
Cyclo R 
Toxo F 
Toxo R 
Sarco R 
• Morgan et al. (1997). 
Sequence (5'-3') 
AGT GAC AAG AAA TAA CAA TAC AGG 
CCTGCTTTAAGCACTCTAATTTTC 
AGT GAC GAG AAA TAA CAA TAC AGG 
CCT GCT TGA AAC ACT CTA TTT TTC 
AGT GAC AAG AAA TAA CAA CAC TGG 
CCT GCT TGA AAC ACT CTA ATT TTC 
CCT GCT TCA AAC ACT CTA ATT TTC 
C. parvum primers designed by Morgan et al. (1997), and 5 novel 
oligonucleotides that we designed to anneal at the same region in C. 
cayetanensis (AFIII183), Cyclospora cercopitheci (AFIII184), Cyclospora 
colobi (AFI II 186), Cyclospora papionis (AFI II 187), Sarcocystis hominis 
(AF I 76945), and T gondii (EF472967). Due to the highly conserved 
nature of the primer-binding region and the employment of several genus-
targeted oligonucleotides, the universal primer cocktail was suitable to 
amplify species of Eimeria and Isospora. 
Standard curve development 
DNA was extracted from aliquots of 105 T gondii oocysts estimated by 
duplicate hemocytometer counts. The extracted DNA was seriallt diluted 
in sterile dH20 to approximate DNA from 105, 104, 103, 10 , or 101 
oocysts. DNA was also extracted from triplicate serial dilutions of T. 
gondii oocIsts estimated by hemocytometer counts to represent approx-
imately 10 , 104 , 103, 102, or 101 oocysts. To determine if a standard curve 
prepared from a dilution of DNA from 105 oocysts was suitably accurate 
for quantification, qPCR assays were performed in duplicate using the 
diluted DNA standard curves and plotting the threshold cycle (CT) values 
for DNA from diluted oocysts along the curve. 
Real-time qPCR and melting curve analysis 
All qPCR assays were performed with the iCycler iQ Real-Time PCR 
detection system (Bio-Rad Laboratories, Hercules, California). The final 
reaction mix contained I x iQ SYBR Green Supermix (Bio-Rad), 400 nM 
of Crypto-F, Crypto-R, Cyclo-F, Cyclo-R, and Sarco-R, 800 nM of 
Toxo-F, 2 III of DNA (standard or unknown), and sterile dH20 adjusted 
to a final volume of 25 111. Standard curves for all qPCR assays were 
prepared by lO-fold dilution of T gondii DNA from 105 oocysts to be 
equivalent to DNA from 105_101 oocysts. The PCR cycling conditions 
were as follows: 3 min at 95 C, followed by 40 cycles of denaturing at 95 C 
for 30 sec, annealing at 62 C for 30 sec, and extension at 72 C for 30 sec. 
Data collection was enabled at the annealing step. The melt curve 
analysis began immediately following the last extension step and 
consisted of raising the temperature from 55 C to 95 C by 0.1 C 
increments with a 15 sec hold at each step. Following completion of the 
cycling and melt curve protocols, the negative first derivative of the 
change in fluorescence as a function of temperature was plotted to 
produce the melt curve for each sample using the iQ5 Optical System 
Software (version 2.0, Bio-Rad). In addition, CT values were plotted 
against the calibration standards (DNA diluted to be equivalent to 105_ 
101 T gondii oocysts) to generate a standard curve. CT values for 
unknowns were interpolated against the standard curve to provide an 
estimate of oocyst number. 
To examine the degree of Tm variation between isolates of a single 
species, DNA was extracted from C. cayetanensis oocysts from 43 
individual human fecal samples and subjected in duplicate to qPCR with 
MCA as described previously. The specificity of the universal coccidia 
primer cocktail was evaluated by performing the qPCR MCA assay using 
DNA from Trichinella spiralis, Salmonella sp., basil, Saccharomyces 
cerevisiae, and mouse liver as templates. To determine if multiple oocyst 
species in a mixed template could be detected, equal volumes of C. parvum 
and C. cayetanensis, or T gondii and S. cruzi DNA were added to the 
qPCR and subjected to MCA. 
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FIGURE 1. Standard curve generated from threshold cycle (CT) values 
for T gondii DNA serially diluted from 105 to 101 with the average CT 
values for DNA amplified from serially diluted oocysts (n = 3) plotted 
along the curve. 
Cloning and sequencing 
To verify the identity of amplified qPCR products for C. cayeta-
nensis, C. parvum, C. muris, T gondii, S. cruzi, E. acervulina, E. bovis, 
and l. suis, duplicate 25-111 reactions were pooled and purified using 
either the Qiaquick Gel Extraction Kit (Qiagen) or the Wizard DNA 
Clean-up System (Promega Corp., Madison, Wisconsin) according 
the manufacturer's instructions, and then they were sequenced. To 
determine the cause of the dual peaks for C. cayetanensis, purified 
qPCR products were ligated into plasmid cloning vector pGEM®-T 
Easy (Promega). Plasmid DNA was purified using the QIAprep 
Miniprep Kit (Qiagen) according to the manufacturer's instructions, 
and then it was sequenced. Forward and reverse sequence data were 
assembled using PreGap4 and Gap4, and the vector and primer 
sequences were removed. Nucleotide sequences were compared to the 
GenBank collection of sequences using BLASTN and were identified 
based on the degree of sequence identity. Melting temperature 
predictions were performed using DAN software, available at http:" 
emboss.imb.nrc.cal. 
RESULTS 
Detection limit 
To determine if a standard curve prepared from a dilution of 
DNA from 105 T. gondii oocysts was suitably accurate for 
quantification, qPCR assays were performed using the diluted 
DNA standard curves, and the CT values were plotted for DNA 
from aliquots of diluted oocysts (105-101) along the curve. 
Figure 1 shows the diluted DNA standard curve with the average 
CT values for diluted oocysts (n = 3) plotted along the curve. The 
CT values for diluted oocysts were in accordance with the CT 
values for diluted DNA. Therefore, a dilution of DNA was 
considered suitably representative of the CT values that would be 
attained with dilutions of actual oocysts. DNA from 10 T. gondii 
oocysts could routinely be detected. 
Template specificity 
Sequencing of qPCR products amplified from DNA of C. 
cayetanensis, C. parvum, C. muris, T. gondii, S. cruzi, E. 
acervulina, E. hovis, and I suis using the universal coccidia primer 
cocktail confirmed the identity of the various coccidia DNA 
samples and the specificity of the primer cocktail. The universal 
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TABLE II. Mean melting temperatures (T m) and 99% confidence intervals 
for qPCR products amplified from a variety of coccidia DNA using the 
universal coccidia primer cocktail. 
Confidence interval 
Species n Tm (C) (99%)* 
C. parvum (Iowa) 90 81.66 81.62-81.70 
C. muris 14 82.51 82.46-82.56 
S. cruzi 30 83.62 83.55-83.69 
T gondii (Type III, VEG) 170 84.69 84.66-84.72 
I suis 26 85.75 85.65-85.85 
C. cayetanensis 119 85.56; 88.47 85.53-85.59; 88.43-88.51 
E. hovis 29 86.30 86.24-86.36 
E. acervulina 28 87.19 87.12-87.26 
• Confidence interval = T m ± t x s/ vn, where t = t statistic for n - 1 df and 99% 
confidence for species with <30 replicates, or 2.575 for species with >30 replicates, 
s = standard deviation, and n = number of replicates. 
coccidia primer cocktail did not amplify control DNA from 
T. spiralis, Salmonella sp., basil, or mouse liver. Some cross-
reactivity did occur when the primers were tested against gDNA 
from S. cerevisiae; however, this was minimized through elevation 
of the primer annealing temperature during subsequent optimiza-
tion of the assay. In addition, any spurious, non-specific amplicons 
were identified as low-melting-temperature peaks in the MCA. 
Melting curve analysis 
Table II summarizes the average T m and 99% confidence 
interval ranges for the 8 species that were amplified using the 
universal coccidia primer cocktail over multiple runs. Cyclospora 
cayetanensis, C. parvum, C. muris, T. gondii, E. bovis, E. 
acervulina, I suis, and S. cruzi could be differentiated based on 
their unique T m values. The 99% confidence interval ranges did 
not overlap, except for the first melt peak of C. cayetanensis 
(85.56 C) and the Tm for I. suis (85.75 C). Cyclospora cayetanensis 
had an additional melt peak at 88.47 C and was therefore 
distinguishable from I. suis. Representative melting curve graphs 
for each individual species examined in this study are shown in 
Figure 2A and B. The qPCR MCA assay successfully amplified 
the target gDNA of both C. parvum and C. cayetanensis or S. 
cruzi and T. gondii when these species were used in a mixed 
template (Fig. 2C, D). 
Analysis of cloned C. cayetanensis sequences indicated that all 
cloned products had a 98-lO0% identical sequence. When the C. 
cayetanensis PCR products were divided into equal segments of 
30 nucleotides, the percent of GC content varied from 23 to 76% 
for each segment, with a corresponding range of predicted melting 
temperatures for each portion of the PCR product. 
Continuity amongst isolates 
The consistency in T m values amongst isolates of C. cayeta-
nensis was examined to demonstrate the utility and reliability of 
the qPCR MCA assay as a diagnostic screening tool. The average 
(±SD) Tm values for 43 individual human isolates of C. 
cayetanensis collected in Nepal were 85.57 C (±0.14) for peak I 
and 88.42 C (±0.15) for peak 2. All isolates displayed the 
characteristic dual melting peaks noted previously, and the 
variation between isolates was low. 
DISCUSSION 
This qPCR assay with MCA for detection and differentiation 
of coccidian oocysts has the potential to be a valuable 
parasitology screening tool, but validation using field samples is 
required to confirm its application for routine diagnostic use. 
Others have used melting curve analytical methodology to detect 
and differentiate species of Cryptosporidium (Limor et aI., 2002; 
Tanriverdi et aI., 2002; Ramirez and Sreevatsan, 2006; Pangasa et 
aI., 2009), Trichinella (Guenther et aI., 2008), and Eimeria 
(Kirkpatrick et aI., 2009), as well as other food- and waterborne 
pathogens of public health concern, such as Escherichia coli 
0157:H7, Listeria monocytogenes, Salmonella sp., Bacillus cereus, 
noroviruses, and others (Bhagwat, 2003; Fukushima et aI., 2003; 
Fricker et aI., 2007; Lehmann et aI., 2008; Tajiri-Utagawa et aI., 
2009). To our knowledge, this is the first study to apply the 
technique to a broad range of coccidian species as a screening tool 
for use in food safety or animal health testing. The primer cocktail 
approach, where a mixture of primers is used to amplify the same 
target region in several species, has been used successfully by Hill 
et al. (2006) to improve species representation in complex 
templates. We used a similar approach here and designed a 
universal coccidia primer cocktail with potential to detect and 
identify virtually all species of coccidia, including potentially 
unknown species of coccidia present in food, environmental, or 
clinical samples that could be later identified by comparison to 
melt peaks for qPCR controls, sequencing, life-cycle studies, and 
morphological classification. The primers do not amplify DNA 
from plants, bacteria, yeast, or mammal tissue and are therefore 
suitable for use with coccidia samples isolated from clinical or 
environmental samples. 
The assay may also be used for the detection of other life-cycle 
stages of coccidia present in tissues or fluids, particularly in 
terrestrial or marine wildlife harvested for food, such as musk 
oxen, caribou, polar bears, or seals, which can be infected with 
tissue coccidia such as T. gondii (Kutz et aI., 2000, 2001; Zarnke et 
aI., 2000; Gajadhar et aI., 2004; Rah et aI., 2005). Food safety 
applications of qPCR with MCA could include screening of 
produce samples for coccidia species such as Cyclospora or 
Cryptosporidium. Animal health applications of the approach may 
include oocyst species differentiation for managing coccidiosis in 
poultry or cattle. The qPCR MCA assay is ideally suited to 
diagnostic screening due to its potential for automation and high-
throughput testing, closed-tube format (which reduces the 
chances of cross-contamination), relatively low cost, speed, and 
low labor requirements. The adaptation of this assay for use with 
high-resolution MCA dyes, instrumentation, and software may 
also improve species differentiation capability and make species 
diagnosis simpler with automatic statistical correlation of 
unknown and reference melt peaks (Jex et aI., 2008). 
In some cases, the shape of the melting curve can assist in 
species differentiation and identification. Small or aberrant peaks 
caused by primer dimer or non-specific amplicons from environ-
mental samples can easily be distinguished from peaks generated 
from target gDNA, as was observed consistently (between 73 and 
78 C) for C. parvum and C. muris melt curves. The presence of 
multiple melt peaks for a single sample is also informative, since it 
may reflect the unique melting characteristics of a single species, 
which was demonstrated here for C. cayetanensis. The dual peaks 
of the C. cayetanensis melt curve could be caused by the 
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FIGURE 2. Melt curve graphs illustrating melting peaks of (A) a: Sarcocystis cruzi, b: Toxoplasma gondii, c: Isospora suis, and d: Eimeria acervulina; 
(B) a: Cryptosporidium parvum, b: Cryptosporidium muris, c: Eimeria bovis, and d: Cyclospora cayetanensis; (C) a: C. parvum and b: C. cayetanensis 
generated by amplification of a mixture of gDNA from those species; and (D) a: S. cruzi and b: T. gondii generated by amplification of a mixture of 
gDNA from those species. Temperature (Celsius) is plotted along the x-axis, and the negative first derivative of the change in fluorescence as a function 
of temperature (-d[RFU]/dT) is plotted along the y-axis. 
generation of 2 similarly sized amplicons by the primer cocktail, 
or differences in melting temperature within the PCR product 
itself, where part of the product melts at approximately 85 C, and 
the remainder melts at 88 C. This difference in melting 
temperature is likely due to differences in the G-C content along 
the length of the sequence. Others have also observed multiple 
distinguishable melting domains within larger amplicons (Wittwer 
et ai., 2003; Robinson et ai., 2006; Rasmussen et ai., 2007; 
Kirkpatrick et ai., 2009), despite the fact that the definition of T m 
(where one half of the molecule is double stranded and the other 
half is single stranded) implies that only 1 melt peak should be 
visible. In fact, complex melt curves with several peaks may be 
diagnostically more informative than simple profiles resulting in a 
single peak because the additional melt curve characteristics can 
assist in species identification (Rasmussen et ai., 2007). In our 
study, C. cayetanensis consistently displayed 2 melt peaks, only 1 
of which was similar to the Isospora and Eimeria species we tested, 
thus enabling the genera to be differentiated. Multiple melt peaks 
may also indicate the presence of 2, or more, different species in a 
test sample. This has been demonstrated experimentally for 
species of Cryptosporidium (Pangasa et ai., 2009) and Eimeria 
(Kirkpatrick et ai., 2009), and Escherichia coli (Jothikumar and 
Griffiths, 2002), as well as in this study by using a mixture of DNA 
from 2 species as template for the qPCR. The ability to detect 
contamination or infection from a mixture of coccidia species 
improves the diagnostic utility of this assay. However, further 
investigation is required to determine how many different species 
could be simultaneously identified and the relative detection limits if 
DNA from the species is present in different quantities. 
Accurate quantification of coccidian oocysts by qPCR presents 
several challenges. Since our qPCR assay targets a variety of 
species, some of which may be unknown or not culturable, a 
reasonable option may be to use plasmids containing the target 
18S rDNA gene fragment as standards (Dumonceaux et ai., 2006) 
in place of either diluted oocysts or diluted gDNA from oocysts. 
However, the amount of target rDNA present per organism is 
dependent on the sporulation stage of the oocyst, the species of 
oocyst, and the copy number for the 18S rRNA gene (Varma et 
ai., 2003). A coccidian oocyst is the result of a zygote that has 
been formed by the fusion of 2 haploid gametocytes. Oocyst 
sporulation, which can occur inside or outside the host, depending 
on the genus, results in 4 haploid sporozoites for species of 
Cyclospora and Cryptosporidium (a doubling of genetic material) 
and 8 for Sarcocystis, Toxoplasma, Eimeria, and Isospora (a 
quadrupling of genetic material). The number of rRNA gene 
copies also varies by species (Kibe et ai., 1994; Le Blancq et ai., 
1997; Adam et ai., 2000; Som et ai., 2000), and it has been 
estimated at 5 per haploid genome for Cryptosporidium (Le 
Blancq et ai., 1997), to as many as 200 in Entamoeba species (Som 
et ai., 2000). Thus, a plasmid standard curve would not facilitate 
LALONDE AND GAJADHAR-QPCR SCREENING FOR COCCIDIAN OOCYSTS 729 
accurate quantification because the amount of genetic material in 
the target oocyst species cannot be determined reliably from this 
assay, since it targets both sporulated and unsporulated oocysts 
and multiple species with unknown 18 rRNA gene copy numbers. 
Therefore, for this assay, it is only currently possible to provide an 
estimate of the number of oocysts present in a test sample by 
using a standard curve consisting of diluted DNA or DNA 
extracted from a dilution series of oocysts. Diluted DNA standard 
curves are commonly used for quantification of oocysts in real-
time PCR (Limor et aI., 2002; Guy et aI., 2003; Verweij et aI., 
2004). The limitations of this method include its dependence on 
the accuracy of oocyst enumeration (in this case, counting by 
hemocytometer) and serial dilutions, and the fact that it may be 
affected by variations in the efficiency of DNA extraction between 
oocyst species, oocyst sporulation stage, and target gene copy 
number. Varma et ai. (2003) showed that CT values for oocysts 
precisely enumerated by flow cytometry fit within the standard 
curve of diluted oocyst DNA, suggesting that diluted DNA 
standards curves may be an accurate method for quantification of 
oocysts. We showed similar agreement in CT values using a diluted 
T. gondii DNA standard curve compared to diluted T. gondii 
oocysts. However, our assay targets multiple species of oocysts, so 
the quantification aspects are limited by the factors discussed 
already. Since this assay was designed as a parasitology screening 
tool, its power lies not in accurate oocyst quantification, but in 
coccidia detection and species differentiation and identification. 
In summary, the qPCR MCA assay developed here can detect 
and differentiate oocysts and other stages of a wide range of 
coccidia species of public health and veterinary importance, and it 
represents a useful parasitology tool that may be well suited to 
routine screening for research or diagnostics. Appropriate 
validation of the assay should be completed prior to implemen-
tation as a diagnostic test. When used with appropriate controls, 
the assay could be used to screen food, fecal, tissue, or water 
samples for targeted coccidia species or to assist in the detection 
of known, unknown, or emerging coccidia. 
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ABSTRACT: In June 2009, 27 guinea pigs kept at an animal petting facility 
at a zoo in Kanagawa Prefecture, Japan, were observed to scratch 
intensely, weaken, and develop lesions. Three sarcoptiform mites were 
found in skin scrapings taken from affected areas of 2 guinea pigs, and 
they were identified as Trixacarus caviae by morphological examination. 
This result confirmed the presence of T. caviae in Japan. For treatment, 
doses of 13.6-18.75 mg/head of selamectin were administered in a topical 
preparation applied to a single spot on the skin on the back of the neck, 
and no side effects were observed. In April 2010, a second outbreak of 
mange occurred at the zoo, and, following investigation, 2 mite eggs were 
observed. It was, therefore, thought probable that the mites had survived 
during the winter within nonclinical carriers. Accordingly, doses of 5.0-
7.5 mg/head of selamectin were applied on days 0 and 28, after which 
clinical symptoms disappeared and general condition improved. This dose 
of selamectin was thus shown to be a suitable and economical treatment 
for guinea pigs infested with the mites. Because the mite is not always 
easily observed in infested guinea pigs and the potential for human 
infestation exists, clinicians should not hesitate to treat when the clinical 
presentation suggests infestation, particularly in a setting such as an 
animal petting facility, where large numbers of children and adults have 
direct contact with the animals. 
Mange is an infectious disease that causes intense pruritus, alopecia, and 
crusting. The mites that cause mange inhabit burrows in the superficial 
dermal layer, and, therefore, deep skin scrapings are required to confirm 
their presence. Animals may die if suitable treatment is not received and 
the condition is allowed to progress to involve the entire skin of the body 
(Fuentealba and Hanna, 1996; White et aI., 2003). Almost all cases of 
mange in guinea pigs are caused by Trixacarus caviae, and, although 
reports have been made of cases in the U.K. (Sebesteny, 1976), New 
Zealand (Health and Bishop, 1984), Canada (Fuentealba and Hanna, 
1996), and the United States (Kummel et aI., 1980; McDonald and 
Lavoipierre, 1980), no cases have been previously described in Japan. For 
mite infestations of small animals, treatment has been administered using 
several methods, including injection by ivermectin (Schossier and Fehr, 
1989), bathing with Amitraz (Schossier and Fehr, 1989), and spraying with 
Fipronil (Malley, 1997). However, because these methods present several 
problems in regard to labor and cost in a cohabitant situation such as a 
zoo, spot-on products are thought to be more useful for guinea pigs. The 
objective of the study reported here was to identify the presence of T. 
caviae in an outbreak case of suspected mange in Japan using detailed 
morphological analysis, and to evaluate the efficacy, safety, and suitable 
dose of selamectin. 
Two separate cases of suspected infestation by mange in groups of 
guinea pigs reared in an animal petting facility at a zoo in Kanagawa 
Prefecture, Japan, were investigated. These animals included 22 females 
and 5 males in the June 2009 case and 17 males in the April 2010 case. 
Body weight range for all animals was 800-1,100 g. The guinea pigs 
showed general continual pruritus, with lesions of alopecia, erythema, and 
hyperkeratosis. The lesions extended from the neck, pinna, latus, back, 
buttocks, legs, and were also generalized (Fig. lA, C); some guinea pigs 
exhibited skin lesions due to self-trauma. Four guinea pigs died because of 
weakened condition and weight loss before treatment in 2009. 
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Skin scrapings from the most severely affected areas were taken from 
each guinea pig, mounted in saline, and examined by light microscopy. 
One actively moving adult mite was found. For detailed morphologic 
examination, the preparation was treated with gum-chloral for permeation 
for 1-2 days (Fig. 2). Two oval-shaped adult mites with 4 short paired legs 
were detected; the length X width was 200 X 160 J.1IIl for a single female 
and 145 X 110 J.1IIl for a single male. The 2 pairs of long and simple 
filiform setae (first and second setae) were located on segment C, and 
mites were covered with many elongate sharp scales from the middle 
dorsal to posterior. The anus of the female opened at the posterior dorsal 
end, while it was located at the posterior end of the male. Two eggs from 
the skin scrapings were found for the 2010 group in feces discharged from 
adult mites (Fig. 3). 
A commercial formulation of selamectin (Revolution TM, Pfizer, Tokyo, 
Japan) (Six et al., 2000; Fisher et aI., 2007) was used for treatment in this 
study. Selamectin, ranging from 13.6 to 18.75 mg/kg for the 2009 group, 
was administered topically to the skin on the back of the neck for all of the 
guinea pigs that had been observed scratching themselves. One month 
later, none of the guinea pigs exhibited pruritus, and all animals showed 
improved health (Fig. IB, D). However, a reinfestation occurred after 
10 mo, so selamectin ranging from 5.0 to 7.5 mg/kg was administered to 
each guinea pig 2 times every 4 wk. All of the reared guinea pigs appeared 
healthy, and no animal was observed to scratch intensely for 8 mo. 
Sarcoptids that infest guinea pigs include Sarcoptes scabiei, Notoedres 
muris, and T. caviae (Fremont and Bowman, 2003). Sarcoptes scabiei and 
N. muris are greater in length compared to T. caviae. Dorsal scales possess 
an equilateral triangle shape for S. scabiei; they are absent in N. muris; and 
they have an elongate sharp shape for T. caviae, although immature stages 
of T. caviae have triangular scales, as do immature stages of S. scabiei. 
Setae of T. caviae designated cl and c2 are long filiforms, differing from 
the short, spine-like shape for those of S. scabiei. The anus of both sexes 
for N. muris and of female T. caviae is located dorsally (Fain et aI., 1972; 
Collins et aI., 1986; Klompen, 1992). Using previous reports as reference, 
our observations confirmed these mites as being T. caviae, not S. scabiei 
nor N. muris. 
The mode of invasion into the facility has not been ascertained. Guinea 
pigs were purchased from breeders before 2009, and these animals were 
reared within the facility. Thus, the mite may have been brought to the zoo 
with guinea pigs entering the facility before 2009. Trixacarus caviae may 
be capable of existing subclinically, and mites may not always be easily 
seen (Peters, 1981; Fuentealba and Hanna, 1996; White et aI., 2003; Fisher 
et aI., 2007). It was, therefore, suggested that the mite could have survived 
within nonclinical carriers in the zoo during the lO-mo intervening period, 
and clinicians should treat pruritic guinea pigs presumptively when the 
clinical presentation is revealed. 
Because the mode of topical administration of selamectin is the spot-on 
application type, it is easy for staff to treat animals according to a 
veterinarian's instruction in facilities where cohabitation occurs. In 2009, 
13.6-18.75 mg/kg of selamectin was administered, as described in a 
previous study (Fisher et aI., 2007). The clinical finding noted that the 
condition improved remarkably, and no side effects were observed. 
According to a previous report, in 2010, doses of 5.0-7.5 mg/kg were 
administered every 28 days for cats infested with Otodectes cynotis (Six et 
aI., 2000). Since fewer doses were administered in the present course of 
treatment compared to previously reported cases (Fisher et aI., 2007), this 
treatment may be considered more economical for zoos, which rear large 
numbers of animals. 
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FIGURE I. Efficacy of selamectin for alopecia generally. The lesions extended to the neck and latus. (A, C) Before administration, and (B, D) I mo 
after administration. 
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F IGURE 2. Microphotographs of adult Trixacarus caviae treated with gum-chloral for permeation. (A) Male whole body, (B) male dorsal surface, (C) 
female whole body, (D) female dorsal surface. CI and C2 indicate first and second setae on segment C. Long arrow indica tes anus. Short arrows point to 
elongate sharp scales. Bar = 50 J..llll. 
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FIGURE 3. Two eggs enclosing larva and feces observed in skin 
scraping. Bar = 50 ~m. 
It has been previously reported that when owners and technicians 
held infested guinea pigs, intensely pruritic papulovesicular lesions 
developed, although the mite could not be found in their lesions 
(Dorrestein and van Bronswijk, 1979; Kummel et aI., 1980). However, 
in the present study, the staff at the zoo who had provided long-term 
care for the guinea pigs did not develop pruritus. It may be inferred 
that in common situations, zoonosis does not occur as a result of T. 
caviae infestation, although careful observation is required because 
large numbers of children and adults touch and hold these guinea 
pigs. 
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ABSTRACT: Trichinella spp. infections of marine mammals pose a human 
health risk in Arctic regions where game meat is an important part of the 
diet. In the last decade, the grey seal population of the sub-arctic Baltic 
Sea has reached a level at which hunting is possible and seal meat is now 
available for food. We conducted a survey on the occurrence of Trichinella 
spp. in grey seals Halichoerus grypus (n = 171) and ringed seals Phoca 
hispida botnica (n = 56) of the Baltic Sea in the coastal waters of Finland, 
a highly Trichinella sp. endemic area. Muscle samples were examined by a 
mechanically assisted digestion method during 2006-2010. One grey seal 
was positive for Trichinella nativa, while all samples from ringed seals were 
negative. Even though just I grey seal was infected, the finding here 
emphasizes the importance of proper meat inspection of seals intended for 
human consumption, especially in areas with high infection pressure. 
Zoonotic nematode parasites of the 8 recognized species and 4 
genotypes of Trichinella infect a wide variety of mammals; some of the 
species also birds and reptiles, worldwide (Pozio et aI., 2009). Infections in 
marine mammals have been reported since the 1940s, when outbreaks in 
humans in Greenland were most probably caused by walrus Odobenus 
rosmarus and Beluga whale Delphinapterus leucas meat (Thorborg et aI., 
1948). Since then, marine mammals, including seals, have been surveyed 
for Trichinella sp. in different parts of the Arctic, where they are 
traditionally used as food. Positive findings have been reported not only 
from walruses, but also from the bearded seal Erignathus barbatus, ringed 
seal Phoca hispida, and hooded seal Cystophora cristata (Forbes, 2000; 
Meller, 2007). Grey seals Halichoerus grypus have been successfully 
infected with Trichinella nativa in laboratory conditions (Kapel et aI., 
2003), but natural infections have not been reported, as far as we know. 
A key host species in the high Arctic marine ecosystem is the polar bear 
Ursus maritimus, which mainly feeds on seals and cetaceans, but may also 
consume other prey and carrion (Schliebe et aI., 2006). In a recent study, 
78% of adult Svalbard polar bears and 51 % of those from the Barents Sea 
were found seropositive for Trichinella sp. infection (Asbakk et aI., 2010). 
Trichinella spp. are very common in many Finnish terrestrial mammals, 
such as red foxes Vulpes vulpes, raccoon dogs Nyctereutes procyonoides, 
and lynx Lynx lynx. Locally, prevalence reaches 62% in foxes, 55% in 
raccoon dogs, and 80% in lynx (Airas et aI., 2010). All 4 Trichinella species 
known in Europe, Le., T. spiralis, T. britovi, T. nativa, and T. 
pseudospiralis, occur in Finland, T. nativa being the most prevalent. 
Infections in Finnish domestic pigs and farmed wild boar were detected in 
the 2000s, but endemic human infections have not been reported since the 
1970s (Oivanen, 2005). Also, the semi-aquatic otter Lutra lutra, which 
mainly feeds on fish and amphibians (Sulkava, 1996), has been reported to 
be infected with T. nativa on several occasions in Finland (e.g., European 
Food Safety Authority, 2007). 
The Baltic grey seal population is mainly found in the northern part of 
the Baltic Sea, in Finnish and Swedish waters. Historically, seal hunting 
has been an important part of tradition in the Finnish archipelago. Seals 
were also considered harmful for fishing, and there was a bounty on seals 
up until the 1970s. The population reached its lowest level in the 1970s due 
to overhunting and pollution-related reproductive problems (Harding et 
aI., 2007). Since then, hunting has been banned and reproduction seems to 
have reached a normal level, resulting in a steady growth of the 
population. At present, regulated hunting of grey seals has become legal 
again. Public interest in the use of grey seal meat is increasing since there is 
now limited, but increasing, supply. However, the importance and 
relevance of Trichinella sp. inspection of seal meat has been questioned 
on occasion because of the apparently low risk of infection in fish-eating 
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seals. Therefore, a survey on the occurrence of Trichinella spp. in seals was 
deemed necessary. 
Muscle samples (tongue or a combined sample of tongue, diaphragm, 
and hind leg muscle) were collected from grey and ringed seals P. h. 
botnica, mostly during 2008-2009, but the first 7 animals were sampled 
during 2006-2007. Grey seals were either hunted within the regular 
hunting season (n = 116), hunted for scientific purposes (n = 54), or found 
dead (n = I). Muscle samples were taken from ringed seals found dead (n 
= 20) or killed for scientific purposes (n = 36). The area of origin and sex 
of the seal were recorded, and age was determined from growth layers of 
dental cement. The Trichinella sp. digestions were made during 2006-2010. 
From an individual animal, 20 g of muscle was examined by the 
mechanically assisted (stomacher) digestion method. When a larger batch 
of samples was received, samples of 10 g were pooled in batches of 2-7, 
and when a positive result was obtained, confirmatory samples were 
digested again individually. The digestion time in the stomacher was 
40 min (EU legislation minimum requirement for this method is 25 min). 
Isolated Trichinella sp. larvae were stored in 70% ethyl alcohol. Species of 
the larvae were identified by multiplex peR (Zarlenga et al., 1999). 
In total, 171 grey seals were examined, and I of them (0.6%) was 
positive, with a density of 0.2 lpg. The larvae were identified as T. nativa. 
The positive animal was a 13-yr-old female grey seal that was shot in 
Bothnian Bay, the northernmost part of the Baltic Sea. The positive 
sample was first detected from a pooled sample and then digested again 
individually. Only tongue was sampled and tested from the positive seal. 
None of the ringed seals (n = 56) was found infected. 
This is the first report of Trichinella sp. infection in the Baltic grey seal, 
and to our knowledge, the first report of natural infection in grey seals 
worldwide. Experimental infection has shown that grey seal is a good host 
for T. nativa (Kapel et al., 2003). The parasite reproduced efficiently in 
grey seal and caused only mild symptoms (transient anorexia and lethargy) 
with a high infective dose. Diaphragm, intercostal muscles, and hind 
flipper muscles were considered predilection sites. In terrestrial host 
species, the highest densities of Trichinella spp. larvae have been found in 
diaphragm muscle, tongue, and leg muscles (Kapel, 2000). In naturally 
infected walruses, the tongue is a predilection site (Leclair et aI., 2003). 
Tongue is a practical sample site since it is easy to recognize and excise 
without experience or training, and it is a relatively large muscle. This way, 
any hunter can participate in sample collection. However, the tongue 
sample should be larger than routine muscle samples of pigs (I g) for 
Trichinella spp. digestion, or a longer digestion period should be used 
because of the relatively high amount of connective tissue. In our 
digestions, the proportion of undigested tissue in pooled samples from 5-7 
seals was moderate, 7% (wet weight) after a 40 min digestion. 
Trichinella spp. are very prevalent in Finnish wildlife (Airas et aI., 2010). 
Spill-over from the usual terrestrial hosts to rarer host species, such as 
seals and birds, is not unexpected. Foxes and raccoon dogs are abundant 
in the Finnish coastal areas, and they can wander along the Baltic Sea ice 
in the winter. If the animal dies on ice, the carcass will end up in the sea in 
the spring when the ice melts. Grey seals are not known for scavenging, 
but there are observations of grey seals catching and eating swimming 
eiders. A Trichinella sp.-infected fox or raccoon dog afloat might also be 
an accidental victim of a grey seal. The possibility of an indirect infection 
has been examined. Scavenging marine invertebrates, e.g., Anonyx nugax 
and Acanthonotozoma inflatum, can swallow and retain undigested 
Trichinella sp. larvae in their digestive system for up to 28 hr (Hulebak, 
1980). Marine amphipods that had recently fed on T. spiralis-infected 
meat were infective to dogs (Fay, 1968). Grey seals normally eat 
crustaceans, although their main prey are various species of fish 
(Lundstrom et aI., 2007). The larval density resulting from such an 
indirect infection, probably with a very low infection dose, will most likely 
be low, which was the case in the infected Baltic grey seal. 
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It is notable that all Trichinella species occurring in Europe are infective 
for humans. The dominant Trichinella species in the arctic and sub-arctic 
regions is T. nativa, which can survive freezing (-18 C) for years in 
muscles of a suitable host animal (Kapel et al., 1999). This species does not 
seem to occur south to the -4 C January isotherm (Pozio and Zarlenga, 
2005), which is located somewhere in the South Baltic Sea. Trichinella 
nativa has been the species causing human outbreaks of trichinellosis in 
Arctic regions, where traditional handling of meat does not always destroy 
the larvae (Forbes et aI., 2003). Presently, the food industry often acts on a 
large scale, and meat products even from the remotest parts of the world 
can be distributed widely. This calls for proper food safety control. Meat 
inspection of seals should always include Trichinella sp. examination. 
The authors wish to thank all Finnish seal hunters who delivered 
samples for this research. 
LITERATURE CITED 
AIRAS, N., S. SAARI, T. MIKKONEN, A. M. VIRTALA, J. PELLIKKA, A. 
OKSANEN, M. ISOMURSU, S. S. KILPELA, C. W. LIM, AND A. SUKURA. 
2010. Sylvatic Trichinella spp. infection in Finland. Journal of 
Parasitology 96: 67-76. 
ASBAKK, K., J. AARS, A. E. DEROCHER, 0. WUG, A. OKSANEN, E. W. BORN, 
R. DIETZ, C. SONNE, J. GODFROID, AND C. M. O. KAPEL. 2010. 
Serosurvey for Trichinella in polar bears (Ursus maritimus) from 
Svalbard and the Barents Sea. Veterinary Parasitology 172: 256-263. 
EUROPEAN FOOD SAFETY AUTHORITY. 2007. The Community Summary 
Report on trends and sources of zoonoses, zoonotic agents, 
antimicrobial resistance and foodborne outbreaks in the European 
Union in 2006. The EFSA Journal 130: 2-352. 
FAY, H. F. 1968. Experimental transmission of Trichinella spiralis via 
marine amphipods. Canadian Journal of Zoology 46: 597-599. 
FORBES, L. B. 2000. The occurrence and ecology of Trichinella in marine 
mammals. Veterinary Parasitology 93: 321-334. 
---, L. MEASURES, A. GAJADHAR, AND C. KAPEL. 2003. Infectivity of 
Trichinella nativa in traditional northern (country) foods prepared 
with meat from experimentally infected seals. Journal of Food 
Protection 66: 1857--63. 
HARDING, C. K., T. HARKONEN, B. HELANDER, AND O. KARLSSON. 2007. 
Status of Baltic grey seals: Population assessment and extinction risk. 
North Atlantic Marine Mammal Commission Scientific Publications 
6: 33-56. 
HULEBAK, K. L. 1980. Mechanical transmission of larval Trichinella by 
arctic crustacea. Canadian Journal of Zoology 58: 1388-1390. 
KAPEL, C. M. O. 2000. Host diversity and biological characteristics of the 
Trichinella genotypes and their effect on transmission. Veterinary 
Parasitology 93: 263-278. 
---, L. MEASURES, L. N. M0LLER, L. FORBES, AND A. GAJADHAR. 2003. 
Experimental Trichinella infection in seals. International Journal for 
Parasitology 33: 1463-1470. 
---, E. POZIO, L. SACCHl, AND P. PRESTRUD. 1999. Freeze tolerance, 
morphology, and RAPD-PCR identification of Trichinella nativa in 
naturally infected arctic foxes. Journal of Parasitology 85: 144-147. 
LECLAIR, D., L. B. FORBES, S. SUPPA, AND A. A. GAJADHAR. 2003. 
Evaluation of a digestion assay and determination of sample size and 
tissue for the reliable detection of Trichinella larvae in walrus meat. 
Journal of Veterinary Diagnostic Investigation 15: 188-191. 
LUNDSTROM, K., O. HJERNE, A. ALEXANDERSON, AND O. KARLSSON. 2007. 
Estimation of grey seal (Halichoerus grypus) diet composition in the 
Baltic Sea. North Atlantic Marine Mammal Commission Scientific 
Publications 6: 177-196. 
M0LLER, L. 2007. Epidemiology of Trichinella in Greenland-Occurrence 
in animals and man. International Journal of Circumpolar Health 66: 
77-79. 
OIVANEN, L. 2005. Endemic trichinellosis-Experimental and epidemio-
logical studies. Academic dissertation. University of Helsinki, 
Helsinki, Finland, 210 p. 
POZIO, E., E. HOBERG, G. LA ROSA, AND D. S. ZARLENGA. 2009. Molecular 
taxonomy, phylogeny and biogeography of nematodes belonging to 
the Trichinella genus. Infection, Genetics and Evolution 9: 606--616. 
---, AND D. S. ZARLENGA. 2005. Recent advances on the taxonomy, 
systematics and epidemiology of Trichinella. International Journal for 
Parasitology 35: 1191-1204. 
SCHLIEBE, S., T. EVANS, K. JOHNSON, M. Roy, S. MILLER, C. HAMILTON, R. 
MEEHAN, AND S. JAHRSDOERFER. 2006. Range-wide status review of 
the polar bear (Ursus maritimus). U.S. Fish and Wildlife Service, 
Anchorage, Alaska, 262 p. 
SULKAVA, R. 1996. Diet of otters (Lutra lutra) in Central Finland. Acta 
Theriologica 41: 395-408. 
THORBORG, N. B., S. TULINIUS, AND H. ROTH. 1948. Trichinosis in 
Greenland. Acta Pathologica Microbiologica Scandinavica 25: 778-
784. 
ZARLENGA, D. S., M. BARRY CHUTE, A. MARTIN, AND C. M. O. KAPEL. 
1999. A multiplex PCR for unequivivocal differentiation of all 
encapsulated and non-encapsulated genotypes of Trichinella. Inter-
national Journal for Parasitology 29: 1859-1867. 
J. Parasitol., 97(4), 2011, pp. 737-739 
© American Society of Parasitologists 2011 
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ABSTRACT: Between April 2008 and March 2009, we analyzed the 
pattern of coccidian oocysts present in the feces of the European bison 
(Bison bonasus L., 1758) and found 4 species (Eimeria bovis, E. canadensis, 
E. ellipsoidalis, E. zuernil) previously reported from this host and 3 species 
(Eimeria alabamensis, E. cylindrica, E. pellita) that are new host and 
locality records. All the species occurred in bison females, and only 4 
occurred in males; E. bovis was the most prevalent in both sexes. The 
overall prevalence of Eimeria spp. invasion reached 34.7% in cows and 
13.9% in bulls. The highest prevalence was noted in early spring, with a 
peak in April, and the lowest in late autumn and winter. The oocyst count 
per gram of feces (OPG) varied from 50 to 1,350; no symptoms of clinical 
coccidiosis were observed. We found a significant influence of winter 
aggregations of bison on shedding of coccidian oocysts. The prevalence 
and OPG values were higher in bison congregating in large numbers 
around winter-feeding sites in comparison to other sites. We suggest that 
the coming together of cows during the growing season impacts the 
gender-related differences in prevalence and the number of coccidian 
species involved. This observation probably results from an increased 
production of oocysts by sub-clinically infected individuals in high-density 
bison populations. 
The European bison (Bison bonasus L., 1758) is the largest terrestrial 
mammal in Europe. The wild populations were exterminated by the 
beginning of the 20th century. However, the species was restored from 
stocks of captive animals and then re-introduced to the wild. The 
Bialowieza Primeval Forest is inhabited by over 800 free-living bison, 
which constitutes the core of the worldwide bison herd (30% of all free-
ranging individuals). 
Although the European bison has been the subject of several 
parasitological studies and is one of the best-investigated species of wild 
ungulates in Poland, there is still very little information regarding the 
animal's eimerians (Demiaszkiewicz et al., 1999; Demiaszkiewicz and 
Pyziel, 2009). 
The present study was conducted over a 12-mo period from April 2008 
to March 2009 in the Polish sector of the Bialowieza Primeval Forest, 
where the free-roaming European bison exhibit a unique social 
organization of the species. During the growing season (spring-autumn), 
the population forms 2 kinds of herds, i.e., mixed and bulls-only groups. 
The mixed herds are comprised mainly of adult cows, calves, and 2- and 3-
yr-old sub-adults; during the rutting season (August-October), a single 
bull will join the 'mixed' group. Mixed groups of up 20 are the most 
frequent (84% of all mixed groups). Bull groups are organized differently. 
Young males form bachelor groups of up to 2 to 7 individuals, while adult 
bulls are generally alone (52-62% of all adult bulls) or in pairs. The 
aggregate organization of the animals changes during late autumn and 
winter when supplementary feed is provided; this results in the gathering 
of the bison around permanent feeding sites, where they form large mixed 
groups (>80 individuals), including up to 40% of adult bulls (Krasinska 
and Krasinski, 2007). 
Each month, and here it must be emphasized, always in the morning, 
fresh fecal samples from free-ranging adult European bison (Bison bonasus 
L., 1758) were collected separately from males and females (12 samples for 
each sex) from radio-collared individuals, or herds with collared bison, or 
from occasionally observed non-collared individuals or herds, but always 
after visual sex identification. Usually, I fecal sample was taken from an 
individual or a herd per month to assure the spatial representation of 
different herds or individuals. The samples were placed in 30-ml labeled 
DOl: lO.1645/GE-2567.1 
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tubes and stored for laboratory investigation. In total, 288 fecal samples 
were collected from both sexes. From each sample, 3 g of feces was 
examined using the McMaster method with a saccharose flotation solution 
(specific gravity 1.27) in order to estimate the oocyst per gram (OPG) 
value. After the initial investigation using light microscopy (Olympus 
BX50) at x200-400 magnification, the oocysts were transferred in a 
pipette from a McMaster chamber to a slide with a coverslip; oocysts were 
identified at XI,OOO magnification. The samples with the highest number 
of oocysts were mixed with x20 their volume in an aqueous 2.5% 
potassium dichromate solution and kept at a temperature of 23 C to 
determine the sporulation time. Afterward, the morphological structures 
of oocysts were measured using the Analysis computer program. The 
monograph by Levine and Ivens (1986) and the website catalogue www. 
biology.unm.edulbiology/coccidialhome.html (Duszynski et aI., 1999) 
were used as a key for the identification of oocyst morphotypes. 
Prevalence and OPG values were compared for month and gender in 
order to describe the seasonal, sex-specific, and headcount-related pattern 
of coccidian oocyst shedding. 
To check whether winter aggregating of the bison at feeding sites and the 
intensity of supplementary feeding have any influence on the shedding of 
the oocysts of Eimeria spp., female fecal samples were divided into 3 groups, 
i.e., samples collected from intensively fed cows (food delivered in winter 3-
5 times a week), from less intensively fed cows (food delivered 1-2 times a 
week), and from unfed cows (not aggregating at feeding sites in winter). 
Male fecal samples were divided into 2 groups, i.e., from males in large 
mixed groups (>40 individuals) during the winter months, and from males 
remaining in small groups (a maximum of 7 individuals). Statistical analyses 
(Mann-Whitney V-test, and G-test) were done using Systat 5.1 software. 
Oocysts of the 7 species of Eimeria were found in the feces of the 
European bison (Table I). All 7 occurred in females, and only 4 in males. 
Four of them, i.e., Eimeria bovis, E. canadensis, E. ellipsaidalis, and E. 
zurenii, have been previously reported from the European bison (Pellerdy, 
1974; Levine and Ivens, 1986; Duszynski et aI., 1999; Demiaszkiewicz and 
Pyziel, 2009). Eimeria bavis and E. zuernii were the most prevalent 
morphotypes in both sexes, occurring in 23.3% and 4.2% of fecal samples, 
respectively (Table I). Eimeria bovis was also reported as the most 
common in other studies on both European and American bison 
(penzhorn et aI., 1994; Golemansky, 2003), as well as the most pathogenic 
for cattle (Bas taurus) (Levine and Ivens, 1986; Chibunda et aI., 1997; 
Pandit, 2009). 
The mean number of species per positive fecal sample was 1.3 (SE = 0.5; 
range 1-3); single-species shedding was predominant (71.4% of cases) and 
caused mostly by E. bavis (91.2% of cases in females and 100% in males). 
Other species of Eimeria involved with single-species infections in females 
were E. ellipsoidalis (1 case) and E. pellita (2 cases). The overall prevalence 
of Eimeria spp. in the bison examined throughout the year reached 24.3% 
and was higher in females (34.7%) than in males (13.9%). According to 
Ezenwa (2004), the group size determines the intensity of coccidian 
infection in the population; the same author contends that the headcount 
in a group of buffalos or e1ands of less than 7 can protect the animals from 
coccidian recruitment. We would expect to see a similar dependence 
among the European bison since, during the growing season, bulls are less 
exposed to oocysts than cows. Moreover, staying in larger groups would 
predispose the cows to acquire more coccidian species in comparison to 
the bulls, which is reflected in our results. On the other hand, the 
maximum coccidian oocyst count, noted in the cows' feces in June when 
the majority of births take place, may result in the post-parturient increase 
of the Eimeria spp. oocyst production (Apio and Wronski, 2004). 
In our study, the OPG varied from 50 to 1,350 (mean = 220); however, 
there was no significant difference between females (mean = 240) and 
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TABLE 1. The mean OPG and prevalence of particular species of coccidia from the genus Eimeria in feces of European bison males (n = 144) and females 
(n = 144) in the Bialowieza Primeval Forest. 
Species 
Eimeria alabamensis 
Eimeria bovis 
Eimeria canadensis 
Eimeria cylindrica 
Eimeria ellipsoidalis 
Eimeria pellita 
Eimeria zuernii 
Total 
A. 
B. 
600 
500 
(!) 400 CL 
o 
z 300 
~ 
:::a: 200 
100 
80 
~ 70 
e... 60 w 
o 50 z 
~ 40 
~ 30 
~ 20 
CL 10 
o 
o 
c:: ..c 
co Q) 
.., u.. 
Mean OPG 
Females Males 
50.0 (50) 
219.1 (50-1300) 157.5 (50-500) 
50.0 (50) 
50.0 (50) 50.0 (50) 
50.0 (50) 50.0 (50) 
175.0 (150-200) 
85.0 (50-200) 50.0 (50) 
240.0 (50-1350) 170.0 (50-550) 
MONTHS 
-cows 
•••••• bulls 
MONTHS 
-cows 
•••••• bulls 
Prevalence (%) 
All Females Males All 
50.0 (50) 0.7 0 0.3 
200.7 (50-1300) 32.6 13.9 23.3 
50.0 (50) 0.7 0 0.3 
50.0 (50) 2.1 2.1 1.4 
50.0 (50) 3.5 0.7 2.1 
175.0 (150-200) 1.4 0 0.7 
79.2 (50-200) 6.9 1.4 4.2 
220.0 (50-1350) 34.7 13.9 24.3 
males (mean = 170) (Mann-Whitney U-test, U = 426, nl = 50 and n2 = 
20, P = 0.3). Cases of clinical coccidiosis in cattle, and the heavy infection 
in water buffalo (Bubalus bubalis) have been reported when the OPG 
exceeded 5,000 (Arslan and Tuzer, 1998; de Noronha et. a!., 2009). Our 
investigation revealed low OPGs (:51,350) and no symptoms of disease, 
such as anorexia, waterylbloody diarrhea, or rectal prolapse. 
Both prevalence and the OPGs of oocysts shed by the European bison 
showed a monthly variation (Fig. 1). The highest prevalence and OPG 
were observed in spring and summer (March-July), whereas the lowest 
values of both were noted in late autumn and winter (October-February) 
(Fig. 1). The highest eimerian prevalence was more than 7-fold higher 
than the lowest, observed in October, December, and February. Shedding 
of coccidian oocysts by bison females was observed in every month, while 
no oocysts were found in bull feces in September and November. 
According to Hines et al. (2007), the oocyst count increases in the feces of 
red deer from January to April. Such a pattern is, in general, in accordance 
with our results. The April peak in prevalence and the spring and summer 
increase of oocyst excretion certainly suggests that these, the warmest 
seasons of the year, are the most optimal for the survival and sporulation 
(Rind et aI., 2007), which was also observed by de Noronha et al. (2009) in 
buffalo calves. 
The difference in OPG between intensively, and less intensively, fed 
cows in the winter season was not significant (Mann-Whitney U-test, U = 
279.5, nl = 27 and n2 = 22, P = 0.72). Because only I non-fed cow fecal 
sample was examined, it was not possible to compare the OPG with the 
intensively fed cows. The prevalence of eimerians was similar for 
intensively fed (38.0%, n = 71 fecal samples) and less intensively fed 
cows (36.7%, n = 60) (G-test, G = 0.011, P > 0.1) and significantly higher 
than in non-fed cows (7.7%, n = 13) (G-test, G = 10.295, P < 0.001, 
respectively). The difference in the mean OPG of males remaining in large 
mixed groups during the winter was not statistically higher than in males 
remaining in small bull groups (200.0 and 161.1, respectively; Mann-
Whitney test U-test, U = 26, nl = 9 and n2 = 5, P > 0.6), whereas the 
prevalence was significantly higher in the bulls remaining in mixed groups 
in comparison to the bulls from bull groups (25.0% and 8.7% respectively, 
G-test, G = 4.112, P < 0.05). Although sporulation of the coccidian 
oocysts is inhibited by freezing temperatures (Niilo, 1970), we noted a 
significantly higher prevalence of oocysts among bison remaining in large 
winter groups around feeding sites in comparison to non-fed herds. Hines 
et al. (2007) observed a similar correlation between the aggregation of red 
deer on the feeding ground and the prevalence of coccidian oocysts. We 
suggest that this may be a reaction to stress factors, which occur when 
cows and bulls, and young and adult bison, aggregate in a single group, 
leading to an increased production of oocysts by sub-clinically infected 
individuals . 
The results of the study suggest the need for changing the general 
approach to the management of the free-living bison population in the 
Bialowieza Forest. Dispersing the animals by using the ecological 
corridors, green areas, which give the bison an opportunity for safe 
migration by breaching some urban barriers, and creating new feeding 
sites in winter are strongly recommended. 
FIGURE 1. The monthly pattern of mean OPG value (A) and 
prevalence (B) of Eimeria oocysts in feces of European bison bulls (n = 
144) and cows (n = 144). 
These data were generated during a doctoral dissertation study, 
supported by the Ministry of Science and Higher Education of Poland, 
grant number N N308 234738. 
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ABSTRACT: The protozoan Neospora caninum and the bacterium Brucella 
abortus are well-recognized causes of abortion in dairy cattle. Serum 
samples (n = 240) from aborting (n = 141) and at-risk (n = 99) animals 
from 5 herds with high abortion rates in Punjab Province, Pakistan, were 
tested for antibodies to N. caninum using monoclonal antibody-based 
ELISA and for antibodies to B. abortus using the serum agglutination test. 
Antibodies to N. caninum and B. abortus were detected in 105 (43.8%) and 
135 (56.3%) cattle, respectively, Prevalences of antibodies to N. caninum 
and B. abortus were higher in aborting cows (46.8% and 76.6%, P < 0.05) 
than in animals at risk (39.4% and 27.3%, P > 0,05). Sixty-six animals 
(27.5%) were seropositive to both N. caninum and B. abortus, and results 
showed no significant difference (P > 0.05) with respect to geographical 
district, breed, and age. This is the first report of N. caninum infection 
among dairy cattle herds in Pakistan. 
The dairy cattle industry suffers significant economic losses due to 
abortion, but determining the cause is difficult due to the involvement of 
various infectious diseases and non-infectious factors (Givens, 2006; Yildiz 
et aI., 2009). Among the infectious organisms, Brucella abortus and 
Neospora caninum are 2 of the most important causes of abortion in cattle 
(Anderson et al., 2000; Nasir et aI., 2004; Yildiz et aI., 2009). Brucellosis is 
endemic in Pakistan, and varying degrees of prevalence are reported at 
different times of year (Naeem et al., 1990; Zahid et aI., 2002; Niazi, 2003; 
Nasir et al., 2004; Khan et aI., 2009). The disease is considered to be a 
major constraint on animal productivity (Asmare et aI., 2010) that can 
lead to loss of calves, reduced milk yield, male infertility (Nasir et aI., 2004; 
Asmare et aI., 2010), and the need for culling. Neospora caninum is now 
recognized as a common cause of abortion in cattle in many countries 
(Dubey et aI., 2007). As yet, there has been no published report of N. 
caninum infection in Pakistan. The present study reports the seropreva-
lence of N. caninum and B. abortus infections in dairy cattle farms with a 
high level of abortion. 
Between January 2009 and August 2010, blood samples (n = 240) were 
obtained from aborting cattle (n = 141) and those with no history of 
abortion (referred to as risk cattle, n = 99) from 5 dairy farms having a 
history of high rates of abortion located in eastern and southern Punjab 
Province, Pakistan (Table I). The cattle included crossbred (local/non-
descript X exotic), non-descript, and purebred (Table II) types. Ages of 
cattle sampled ranged from 8 mo to >2 yr (with no records for 33 
individuals) (Table III). Diet of stall cattle consisted of green fodder with 
wheat straw, silage, hay, dairy cake, cotton seed, block urea molasses, and/ 
or commercially available total mixed ration at varying times of the year; 
not all were stall fed (Table I). Untreated well water was available ad 
libidum. All cattle were vaccinated against foot and mouth disease virus, 
as well as Pastuerella mutocida and Clostridium chouvoei. 
Blood samples (3-5 ml) were collected from a jugular vein of the cow and 
submitted to the University Diagnostic Laboratory, University of Veterinary 
and Animal Sciences, Lahore, Pakistan, within 24 hr of collection. Serum 
was separated by centrifugation and stored at - 20 C until assayed. 
Antibodies to Neospora caninum were assayed using a commercially 
available competitive enzyme linked immunosorbent assay (cELISA, 
VMRD, Inc., Pullman, Washington) kit. All procedures were performed 
in accordance with manufacturer's instructions, and results were calculated 
and expressed as percent inhibition (PI) as follows: 
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PI= 100- [ (sample O.D. x 100) ] 
(mean negative control O.D.) . 
This cELISA test has a sensitivity of96% and specificity of99%. The kit has 
been used extensively by other researchers (Meenakshi et aI., 2007; Yildiz et 
aI., 2009). Samples with 2:30% inhibition were considered seropositive. 
Antibodies to Brucella abortus were screened using the Rose Bengal 
plate test (OlE, 2009) with stained antigen (BENGATEST, Synbiotics, 
Lyon, France), and positive serum samples were then assayed using the 
serum agglutination test (SAT) (Alton et aI., 1975). This is the most 
common and frequently used serological test for brucellosis, and it has a 
sensitivity of95.6% and specificity of 100% (Gul and Khan, 2007). Serum 
samples with a titer of I :40 or higher were considered positive (Alton et aI., 
1975; Nasir et aI., 2004). 
The seroprevalence was estimated by calculating the ratio of seropos-
itive cattle to the total sample examined. A Pearson's X2 test (using 
STATA 9.1, College Station, Texas) was used to compare infection with 
each organism (N. caninum and B. abortus) between aborting and at-risk 
cattle, and by geographical region, age and breed; P < 0.05 was considered 
significant. 
The overall seroprevalence of N. caninum and B. abortus was found to 
be 43.8% and 56.3%, respectively. Aborting cattle were more seropositive 
to B. abortus than N. caninum (76.6% vs. 46.8%, P < 0.05), whereas at-risk 
cattle were more seropositive to N. caninum than B. abortus (39.4% vs. 
27.3%, P > 0.05). The seropositivity values of cattle to N. caninum and to 
B. abortus were not significantly (P > 0.05) different among sample 
locations, although sample sizes were too different to draw meaningful 
conclusions (Table I). Variation was also observed in samples from cattle 
of different breeds (Table II). 
Adult cows (>2 yr) were more likely to be seropositive (P < 0.05) to 
both N. caninum (58.5%) and B. abortus (70.7%) than younger animals. 
Nevertheless, seropositivity (P > 0.05) for both infectious agents was more 
frequent in animals without an age record (45.5%) and least frequent in 
heifers (13-24 mo) (20.8%): no calves were seropositive to both N. caninum 
and B. abortus (Table III). 
Abortion during the last trimester is common in dairy cattle herds in 
Pakistan, and the practitioners generally attribute it to B. abortus (OlE, 
2009). However, neosporosis abortion is most common in cows in mid-
gestation (Dubey et aI., 2007) and has also been reported to occur in late 
gestation (Haddad et aI., 2005). The high seroprevalence of N. caninum in 
dairy cattle is indicative of a contributing factor to abortion other than B. 
abortus and, thus, requires differential diagnosis. Higher serological 
prevalence of N. caninum in aborting cattle has been also reported by 
others (Vaclavek et aI., 2003; Corbellini et al., 2006; Meenakshi et aI., 
2007; Yu et aI., 2007; Simsek et aI., 2008; Kamga-Waladgo et aI., 2010; 
Wang et aI., 2010). 
We found a relatively lower prevalence of N. caninum and B. abortus in 
purebred compared to crossbred and non-descript cattle, but the sample 
size was not comparable among different groups. Varying degrees of 
prevalence of N. caninum and B. abortus may be ascribed to management 
practices, such as grazing (Wang et aI., 2010) and mixing of animals from 
areas of infected and susceptible herds without screening, rather than 
breed-related susceptibility (Sadrebazzaza et aI., 2004; Dubey et aI., 2007; 
Yidliza et aI., 2009; Kamga-Waladgo et aI., 2010; Mekonnen et aI., 2010). 
Our results showed higher prevalence in animals older than 2 yr, 
indicating postnatal transmission via ingestion of N. caninum oocysts. 
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TABLE I. Seropositivity of dairy cattle to Neospora caninum and Brucella abortus by district. 
Cattle seropositive to Cattle seropositive to Cattle seropositive to both 
Cattle in a Cattle N. caninum* B. abortus* N. caninum and B. abortus* 
District (geographical coordinates) herd (n) examined (n) n (%) n (%) n (%) 
Lahore (31 °35'N, 74°20'E) 1,075 132 48 36.4 69 52.3 34 25.8 
Gujranwala (32°9'N, 74°11 'E) 264 48 27 56.3 33 68.8 15 31.3 
Okara (300 48'N, 73°26'E) 489 24 09 37.5 15 62.5 07 29.1 
Hafizabad (31°24'N, 73°28'E) 71 09 03 33.3 00 00 00 00 
Muzaffar Garh (300 4'N, 71°12'E) 310 27 18 66.7 18 66.7 10 37.0 
Total 2,209 240 105 43.8 135 56.3 66 27.5 
• P > 0.05. 
TABLE II. Seropositivity of cattle to Neospora caninum and Brucella abortus by breed. 
Cattle seropositive to Cattle seropositive to Cattle seropositive to both 
Cattle examined N. caninum* B. abortus* N. caninum and B. abortust 
Breed n n (%) n (%) n (%) 
Purebred 
Friesian 42 12 28.6 12 28.6 06 14.3 
Jersey 33 12 36.4 06 18.2 03 9.1 
Sahiwal 12 03 25.0 03 25.0 03 25.0 
Dajal 27 03 11.1 18 66.7 09 33.3 
Crossbred 87 57 65.5 63 72.4 24 27.6 
Non-descript 39 18 46.1 33 84.6 21 53.8 
Total 240 105 43.8 135 56.3 66 27.5 
* P < 0.05. 
t p > 0.05. 
TABLE III. Seropositivity of cattle to Neospora caninum and Brucella abortus among age groups. 
Cattle seropositive to 
Cattle examined N. caninum* 
Age n n (%) 
Adults (>2 yr) 123 72 58.5 
Heifers (13-24 mo) 72 21 29.2 
Calves «12 mo) 12 03 25.0 
No age record 33 09 27.3 
Total 240 105 43.8 
• P < 0.05. 
t P > 0.05. 
Neospora caninum is very efficiently transmitted horizontally, which is 
most common in closed herds (Dubey et at., 2007). Seropositivity to N. 
caninum in all age groups suggests that some calves became infected 
congenitally, which is in contrast to B. abortus infection; no calf « I yr 
old) in the present study was seropositive for B. abortus. 
The results of the present study indicate that approximately 50% of 
cattle sampled had antibodies to N. caninum. Neosporosis is now 
recognized as a common cause of abortion in dairy cattle worldwide, 
but there has been no previously reported case of N. caninum-associated 
abortion in Pakistan. Diagnosis of neosporosis abortion is technically 
difficult without examination of the fetus. Maternal serological examina-
tion is mainly helpful in excluding neosporosis abortion because 
seroprevalence in cattle is high and a cow aborting an infected fetus is 
likely to be seropositive. Fetal serology and immunohistochemical 
examination of fetal tissues can aid neosporosis diagnosis. Therefore, we 
urge diagnosticians in Pakistan to include N. caninum among abortifa-
Cattle seropositive to Cattle seropositive to both 
B. abortus* N. caninum and B. abortust 
n (%) n (%) 
90 73.2 36 29.3 
24 33.3 15 20.8 
00 00 00 00 
21 63.6 15 45.5 
135 56.3 66 27.5 
cients while examining aborted fetuses. To our knowledge, this is the first 
report of seroprevalence of N. caninum in dairy cattle in Pakistan. 
The authors thank the Higher Education Commission of Pakistan and 
the veterinarians, consultants, and farmers who provided financial 
support, samples, and information. 
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Incompatibility Between Miracidia of Schistosoma mansoni and Helisoma duryi Occurs at 
Two Stages: Penetration and Intramolluscan Establishment 
John T. Sullivan and John T. Yeung, Department of Biology, University of San Francisco, San Francisco, California 94117. e-mail: sul/ivan@ 
usfca,edu 
ABSTRACT: Helisoma spp, snails are not susceptible to infection with 
miracidia of Schistosoma mansoni because the miracidia do not penetrate 
them, However, in view of the phylogenetic proximity and histocompat-
ibility between Helisoma spp. and the normal intermediate host, 
Biomphalaria glabrata, schistosome miracidia conceivably could survive 
if experimentally introduced into the hemocoel of Helisoma spp, To test 
this hypothesis, schistosome-susceptible NIH albino B. glabrata, schisto-
some-resistant Salvador B, glabrata, and Helisoma duryi were injected 
with miracidia of S mansoni, and the outcome was followed both by 
monitoring snails for infection for several weeks and by histological 
examination at 24 and 48 hr post-injection (PI), Patent infections 
developed in most NIH albino snails but in none of the Salvador B. 
glabrata or H. duryi individuals, Histological analysis showed a higher 
proportion of normal sporocysts in various tissues of NIH albino snails at 
both time periods relative to Salvador snails, which contained mostly 
sporocysts undergoing hemocytic encapsulation. In H. duryi, nearly all 
sporocysts were dead by 48 hr PI. 
Compatibility between larval digenetic trematodes and snails may be 
governed at 1 or more stages of infection, i,e" initial miracidium-snail 
contact, penetration by the miracidium, intramolluscan establishment 
(sporocyst development and asexual proliferation), and escape of cercariae 
from the snail (Cheng, 1968), For example, Sudds (1960) showed that 
certain snails failed to serve as potential hosts for Schistosomatium 
douthitti and Schistosoma mansoni simply because the miracidia were not 
attracted to them, and hence did not attempt to penetrate them, whereas 
others elicited only temporary, and ultimately unsuccessful, attachment 
and penetration attempts, Upon penetration, larval trematodes may still 
fail to establish a patent infection as a result of possible structural, 
immunological, nutritional, hormonal, and other forms of incompatibility 
(Cheng, 1968), Among proposed mechanisms of incompatibility, the 
hypothesized immunological interaction between primary sporocysts of S 
mansoni and the snail intermediate host Biomphalaria glabrata has 
received the greatest scrutiny (see Bayne, 2009). 
Species of the common North American planorbid Helisoma have been 
tested by several investigators as a potential intermediate host for S 
mansoni, in all cases with negative results (Cram et aL, 1944; Sudds, 1960; 
Richards, 1963; Ayvazian and Mallett, 1986), Both Sudds (1960) and 
Richards (1963) noted, on the basis of direct microscopical observations, 
that miracidia of S mansoni failed to penetrate Helisoma spp" and we 
have routinely made the same observation in the case of Helisoma duryi (J, 
Sullivan, unpubL obs.). Furthermore, histological sections of Helisoma 
trivolvis and Helisoma campanulatum exposed to miracidia of S mansoni 
showed "no change in tissues to indicate that miracidia had penetrated" 
(Sudds, 1960, p. 128). Similarly, we have found no evidence of penetration 
in histological sections of the head foot of juvenile H. duryi exposed to 
> 100 miracidia of S mansoni (J. Sullivan, unpubL obs,). 
At least 3 studies have investigated the phenomenon of incompatibility 
by artificially introducing larval trematodes into snail hosts, By injecting 
echinostome miracidia into the hemocoel, Heyneman (1966) was able to 
infect Lymnaea rubiginosa with Echinoparyphium dunni and Indoplanorbis 
exustus with Echinostoma malayanum, in both cases using miracidia from 
parasites that normally penetrate into, and develop in, these snails, but 
that do not penetrate into the heterologous snaiL However, injections of 
miracidia of E. malayanum into L. rubiginosa or of E. dunni into I. exustus, 
thereby circumventing the penetration barrier, failed to produce infec-
tions; this result shows that incompatibility occurred both at the stage of 
miracidia penetration and at the stage of intramolluscan establishment, a 
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so-called "multiphasic resistance" (Heyneman, 1966), Chernin (1966) 
attempted to transfer infections of S mansoni by surgically implanting 
mother, or daughter, sporocysts in infected snail tissue fragments, or by 
injecting immature daughter sporocysts, Transfers were successful into 
normally susceptible B, glabrata or Biomphalaria pfeifferi recipients but 
not into non-susceptible strains of B, glabrata or Biomphalaria tenago-
phi/a, or into Helisoma anceps, Helisoma caribaeum, or Lymnaea palustris, 
Finally, Nunez and De Jong-Brink (1997) injected miracidia of the 
compatible Trichobilharzia ocel/ata or the incompatible S mansoni into 
the cephalopedal sinus of Lymnaea stagnalis and reported >95% cercariae 
shedding of T ocel/ata but no shedding of S mansoni, In all of these 
studies, the fate of the incompatible larvae was not determined, 
Although the above evidence suggests that Helisoma spp, are an 
incompatible host for S mansoni, we hypothesized that miracidia of S 
mansoni might temporarily survive if artificially introduced into H. duryi, 
for 2 reasons, First, a phylogeny of the Planorbidae family constructed 
with ribosomal 28S and actin exon 2 sequences indicates that Helisoma is 
the closest relative of Biomphalaria (Morgan et aL, 2002). Additionally, 
heart xenografts from Helisoma and related genera survive and continue 
beating for up to 6 mo in the hemocoel of B, glabrata, suggesting a 
similarity in their internal physiology (Sullivan and Farengo, 2002), 
Therefore, in the present study, the fate of miracidia of S mansoni injected 
into the hemocoel of H. duryi was compared with their fate in both 
susceptible and non-susceptible B, glabrata, 
Specimens of the schistosome-susceptible NIH albino strain of B, 
glabrata (Newton, 1955), the schistosome non-susceptible Salvador strain 
of B. glabrata (Paraense and Correa, 1963), and H. duryi were used in this 
study. Snails measured 12-14 mm in shell diameter for the infection 
prevalence study, and approximately 5-8 mm for histology, Snails were 
raised in aerated aquaria at 27 C (B. glabrata) or 23 C (H. duryi) and were 
fed leaves of Romaine lettuce ad libitum, Miracidia of the NMRI strain of 
S mansoni were obtained from infected mouse livers as described 
previously (Sullivan and Richards, 1981), 
Using a dissecting microscope, miracidia that had been chilled on ice to 
slow their swimming were individually aspirated from a depression slide 
into a glass needle made by pulling a 0.75-mm-diameter glass micro-
capillary tube (Fisher Scientific, Pittsburgh, Pennsylvania) to a fine point 
over an alcohol flame. The tip of the needle was incrementally broken 
back with watchmaker's forceps to the minimum diameter that allowed a 
miracidium to be aspirated without clogging the aperture, Numbers of 
miracidia were roughly estimated as they were pulled into the needle, until 
as many as possible, typically 30-35, had been collected in the smallest 
possible volume of water. Most of the miracidia concentrated themselves 
in a single file at the narrow end of the needle, where they were unable to 
turn around, The needle was then advanced with the use of a 
micromanipulator through a hole in the shell of the specimen snail and 
into a hemolymph sinus on the left side, anterior to the digestive gland, 
The injection site was sealed by a layer of grease ("grease for pivots," 
Eppendorf, Hauppauge, New York), which allowed the needle to later be 
withdrawn. However, in the case of 20 of the 60 snails used for histology, 
rubber cement (Elmer's, Products, Columbus, Ohio) was used instead as a 
sealant (Sullivan et aL, 2004), To prevent introduction of air, the entire 
volume of liquid in the needle was not injected, but rather the meniscus 
was advanced until only a few miracidia still remained in the needle. In 
addition, some miracidia remained stuck to the inner glass surface of the 
needle, Therefore, it was not possible to inject exactly the same number of 
miracidia into each snaiL Injected snails were subsequently incubated at 
27 C. 
To determine infection prevalence, each injected snail was examined 
microscopically at least once per week for 4 wk post-injection (PI) for 
evidence of infection (mother and daughter sporocysts). Snails that 
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TABLE I. Infection prevalences in snails injected with miracidia of 
Schistosoma mansoni. 
Snail No. injected No. surviving No. infected 
B. glabrata NIH albino 36 30 25 
B. glabrata Salvador 35 31 0 
Helisoma duryi 37 30 0 
appeared uninfected at 4 wk PI were dissected, and their digestive gland 
was examined for the presence of sporocysts using a dissecting microscope. 
Because some snails died before their infection status could be ascertained, 
sufficient snails were injected to obtain at least 30 survivors of each 
species. 
For histology, snails were dissected from their shells and fixed in 
Bouin's fluid at 24 hr or 48 hr PI. Snails were embedded in paraffin and 
serially sectioned at 7 IJ.m. Delafield's hematoxylin and eosin-stained 
sections were microscopically scanned for sporocysts at x200 magnifica-
tion. Yiable sporocysts, as defined by Sullivan and Hu (1996), i.e., intact, 
with at least I normal germinal cell, whether or not encapsulated by 
hemocytes, and dead sporocysts (intact, but containing only pyknotic 
cells, fragmented and being phagocytosed, or represented only by a 
hemocytic granuloma) were observed. Sufficient snails of each species 
were injected such that 10 snails positive for living or dead parasites in 
their tissues were obtained at each time PI. Means of numbers of 
sporocysts/snail and % viable sporocysts/snail were tested for significant 
differences by I-way analysis of variance (ANOY A). When significant 
differences were found, individual means were compared with the Student-
Neuman-Keuls test. A probability of P < 0.05 was considered statistically 
significant. 
Prevalences of infection in NIH albino B. glabrata, Salvador B. 
glabrata, and H. duryi injected with miracidia of S. mansoni are shown 
in Table I. Among NIH albino snails, 83% became infected. In most of 
these, mother sporocysts were observed developing in a variety of 
abnormal locations by 2 wk PI, e.g., the surface of the digestive gland, 
albumin gland, or stomach, attached to the body wall in the vicinity of the 
injection site, in the renal vein, and in the ventral wall of the mantle cavity. 
Except for I snail with an infection in the mantle collar, none showed any 
primary sporocysts in the usual locations resulting from miracidial 
penetration, i.e., the head foot, tentacles, and mantle collar. In some 
snails, the initial infection was cryptic, and the first sign of parasites was 
the appearance of daughter sporocysts in the digestive gland by 3 wk PI. 
By 25 days PI, actively moving cercariae could be seen inside most infected 
snails. In contrast, none of the surviving Salvador B. glabrata or H. duryi 
specimens showed any sign of infection in the weeks following injection; 
all were uninfected when dissected. These results are in agreement with 
those of Chemin (1966), reviewed previously. 
Upon histological examination, 2 NIH albino B. glabrata, 3 Salvador B. 
glabrata, and 2 H. duryi were negative for any sign of sporocysts, except 
for occasional hemocytic accumulations that could have resulted from 
tissue damage caused by the needle. Among positive snails, most 
sporocysts were located in the anterior digestive gland region, near the 
injection site. However, numerous sporocysts, or remnants thereof, were 
seen throughout the bodies of all 3 types of snails, except that none was 
found in the gonad or tentacles. 
ANOY A revealed statistically significant differences among means of 
total parasites/snail (F[5,54] = 16.76, P = 0.0283) and % viable sporocysts/ 
snail (F[5,54] = 16.76, P = 5.71 X 1O-1l). Numbers of parasites/snail at 24 
and 48 hr PI were similar in all 3 snails, except for H. duryi at 48 hr PI, 
which contained a significantly higher number (Fig. I). The reason for this 
higher number is not known, but it may have resulted from our inability to 
control the exact number of miracidia injected, as described previously. 
All 3 types of snails possessed some viable parasites at 24 and 48 hr PI, 
and NIH albino snails contained a significantly higher proportion of 
viable parasites than Salvador B. glabrata or H. duryi snails at both times 
(Fig. 2). In NIH albino B. glabrata specimens, nearly all viable sporocysts 
were free of any obvious hemocytic reaction, whereas most, but not all, of 
the viable sporocysts in Salvador B. glabrata and H. duryi were 
surrounded by multiple layers of cells (Fig. 3). In H. duryi specimens, a 
maximum number of 53 germinal cells was counted in sections of 
individual sporocysts at 24 hr PI, suggesting that no proliferation of these 
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FIGURE I. Numbers of sporocysts (including granulomas) found in 
histological sections of NIH albino Biomphalaria glabrata, Salvador B. 
glabrata, and Helisoma duryi at 24 and 48 hr PI with approximately 35 
miracidia of Schistosoma mansoni. Individual points represent means of 10 
snails ± SEM. The difference between bars marked with the same letter is 
not statistically significant (P > 0.05, Student-Neuman-Keuls test). 
cells had taken place, inasmuch as miracidia of S. mansoni typically 
contain 40-50 germinal cells (Maldonado and Acosta-Matienzo, 1947). A 
significant decline in sporocyst viability occurred in all 3 types of snails 
from 24 to 48 hr PI, presumably as a result of a host response against the 
sporocysts, especially in Salvador B. glabrata and H. duryi, as well as the 
injection of senescent miracidia or those damaged by the collection and 
injection procedure. At 48 hr PI, only 2 viable parasites were found in a 
single H. duryi; the other 9 snails contained nothing but dead parasites. 
Both of these viable parasites were heavily encapsulated by hemocytes, 
contained only a few recognizable germinal cells, and they presumably 
would not have survived much longer (Fig. 3). 
As demonstrated by Heyneman (1966), echinostome miracidia are 
capable of developing into mother sporocysts in abnormal locations. In 
the case of miracidia of S. mansoni, which normally develop near the site 
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FIGURE 2. Percentage of viable sporocysts, intact and containing at 
least I germinal cell with a nucleolus, found in histological sections of NIH 
albino Biomphalaria glabrata, Salvador B. glabrata, and Helisoma duryi at 
24 and 48 hr PI with approximately 35 miracidia of Schistosoma mansoni. 
Individual points represent means of 10 snails ± SEM. The difference 
between bars marked with the same letter is not statistically significant (P 
> 0.05, Student-Neuman-Keuls test). 
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FIGURE 3. Heavily encapsulated sporocyst of Schistosoma mansoni in 
Helisoma duryi at 48 hr PI with miracidia. Arrows point to 2 viable 
germinal cells. 
of penetration in the head foot or mantle (Maldonado and Acosta-
Matienzo, 1947), our results suggest that there are no unique physiological 
or anatomical features of these regions that are required for normal 
sporocyst development. Similarly, our results with Salvador snails indicate 
that miracidium-snail incompatibility is not confined to a specific region 
of the body. These results are not unexpected, given that snails have an 
open circulatory system, and physiological as well as immunological 
conditions would be relatively uniform throughout the hemocoel. 
Strong incompatibility, as shown by the death of nearly all injected 
miracidia by 48 hr PI, exists between S. mansoni and H. duryi. Although 
nearly all dead sporocysts were surrounded by hemocytes, it is not known 
whether hemocyte-mediated cytotoxicity, or a humoral factor, or both, is 
involved. Relative to the possible role of humoral factors, Sapp and Loker 
(2000) reported that plasma from H. trivolvis caused significantly 
increased mortality or damage in sporocysts of S. mansoni in vitro after 
a 6-hr exposure. In conclusion, incompatibility between miracidia of S. 
mansoni and H. duryi apparently occurs at 2 stages, penetration and 
intramolluscan establishment. 
This work was supported by the University of San Francisco Faculty 
Development Fund, and the Fletcher Jones Foundation. 
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A Simple Method for Culturing Neonatal Biomphalaria glabrata Snails 
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ABSTRACT: A simplified method for the culture of neonatal Biomphalaria 
glabrata snails on a diet of the cyanobacteria Nostoc sp. has been 
developed. Previous studies reported using Nostoc sp. grown on a mud-
based medium to feed neonatal snails; this medium is difficult to prepare 
and gives inconsistent growth between laboratories due to variations in the 
soil used in its preparation. Here, we report the use of Bg-ll medium 
supplemented with sodium nitrate for the culture of Nostoc sp. as a food 
source for neonatal B. glabrata snails. Bacteria grown in the medium may 
be maintained in continuous culture and used exclusively as the nutrient 
source for neonatal snails. Neonatal snails fed with these bacteria exhibit a 
growth rate of 1-2 mm per week and may be transferred to standard 
culture conditions after 2-3 wk. Survival of neonatal snails after 2 wk on 
the Nostoc sp. diet was 60-80%, while survival after switching to standard 
culture conditions approached 100%. Analysis of the growth rate and 
survival of neonatal snails maintained on Nostoc sp., as well as the growth 
rate, survival, and sexual maturation of the resulting juvenile snails, 
showed that snails maintained using this method are phenotypically 
comparable to those maintained under other standard laboratory 
conditions. 
Biomphalaria glabrata is a medically important gastropod and an 
intermediate host of various trematodes, such as the blood fluke 
Schistosoma mansoni and the intestinal fluke Echinostoma caproni. To 
study these 2 trematodes, it is desirable to maintain their life cycles in the 
laboratory, which necessitates the maintenance of the B. glabrata snail 
intermediate host. Laboratory maintenance of various strains of B. 
glabrata has been discussed previously by Lewis et al. (1986) and Liang et 
al. (1987). Most of these methods rely on the use of large breeding colonies 
for the growth and survival of neonatal and juvenile snails until the snails 
are large enough to survive independently on a standard food source such 
as romaine lettuce. 
However, for studies explicitly involving neonatal and juvenile B. 
glabrata, it is desirable to maintain a population of neonatal snails 
separate from the adults, and without the variation in snail size associated 
with the use of a breeding colony. Rearing neonatal B. glabrata snails in 
isolation can be challenging because of the low survival rates of this stage 
and the need for a food source other than lettuce; snails less than 3 mm in 
shell diameter often do not thrive on food used for the adult snails (Lewis 
et aI., 1986). Unfortunately, in a recent review by Eveland and Haseeb 
(2010) on laboratory rearing of B. glabrata snails, specific mention of 
studies on neonatal and juvenile snails was not made. 
Bruce and Liang (1992) reported that neonatal B. glabrata snails 
maintained in isolated cultures will consume and thrive on cyanobacteria 
of the genus Nostoc. Using this method, Liang et al. (1987) grew Nostoc 
sp. (available from Ward's Biological Supply, Rochester, New York) in 
petri dishes containing a mud-based medium; the neonatal snails were then 
added to petri dish cultures and allowed to consume the cyanobacteria ad 
libitum (Liang et aI., 1987). To initiate infectivity studies of E. caproni 
miracidia in neonatal B. glabrata snails (studies in progress), we obtained a 
culture of filamentous Nostoc sp. (Ward's Biological) and attempted to 
culture the cyanobacteria according to the procedures outlined by Liang et 
al. (1987) and Bruce and Liang (1992). However, we were unsuccessful in 
culturing the cyanobacteria using this medium, probably because of 
differences in our local soil composition compared to that used by Liang et 
al. (1987). Moreover, we found the preparation of the mud-based medium 
to be difficult and tedious. The purpose of the present note is to report our 
work to simplify the culture of Nostoc sp. for use as a food source for 
neonatal B. glabrata snails. 
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To simplify the medium used to culture Nostoc sp., we selected BG-ll 
medium supplemented with sodium nitrate (Barsanti and Gualtieri, 2006), 
which is known to support the growth of numerous species of 
cyanobacteria. The composition of the liquid BG-ll medium is provided 
in Table I. Individual stock solutions for each chemical component of the 
medium were prepared at 200x (NaN03) or 1,000x (all other 
components) in deionized water. To prepare the medium, aliquots from 
each stock solution were combined and diluted to volume, after which the 
pH was adjusted to 7.4 with 0.5 M HCl or 0.5 M KOH. Erlenmeyer flasks 
(100-500 ml) plugged with either a porous foam cylinder or cheesecloth-
wrapped cotton were used as culture flasks. The flasks were filled to half 
volume with media and sterilized in an autoclave at 121 C and 15 psi for a 
minimum of 20 min. 
To initiate a continuous culture of cyanobacteria, 1 ml of a culture of 
filamentous Nostoc sp. was used to inoculate 100 ml of sterile medium. 
The flask of inoculated medium was placed approximately 50 cm below a 
fluorescent fixture containing four 20-W standard plant and aquarium 
bulbs. The culture was allowed to grow for 3 wk, after which it was 
propagated as needed by 100-fold dilution of an actively growing culture 
with fresh medium. Growth of the cyanobacteria was observed as a 
gradual increase in the blue-green color of the culture, as well as the 
occasional appearance of larger aggregates. 
After 3 wk of growth, all cultures not used in propagation were 
transferred aseptically to sterile 50-ml conical tubes and stored at 15 C 
under low-light conditions with their screw caps slightly loosened. 
Harvested cells were observed to settle to the bottom of the tube after 
approximately 24 hr. Cells were generally stable and viable for at least 
2 mo under these storage conditions. As a measure of culture density, cells 
from a given volume were pelleted by centrifugation at 3,000 g for 15 min, 
after which the supernatant was decanted and the mass of the pellet 
obtained. Cultures grown for 3 wk generally yielded about 6 mg of cell 
pellet per mI. 
To test the ability of Nostoc sp. grown as described here to serve as a 
food source for neonatal B. glabrata snails, egg clutches were obtained 
from mature B. glabrata snails and incubated at 28 C in artificial spring 
water (ASW) prepared as described by Ulmer (1970). Neonatal snails 
(approximately 0.7 mm in shell diameter) hatched from these egg clutches 
TABLE I. Composition of BG-ll media.* 
Component 
K zHP040 3HzO 
MgS0407HzO 
CaClzo2H20 
NazEDTA 
Citric acid 
Ammonium ferric citrate 
NaZC03 
NaN03 
Micronutrient solution (pH = 7.4) 
H 3B03 
MnCl204HzO 
ZnS0407HzO 
NazMo0402HzO 
CuS0405H20 
Co(N03ho6H20 
Amount per liter 
0.004 g 
0.075 g 
0.027 g 
0.001 g 
0.006 g 
0.006 g 
0.02 g 
1.5 g 
1 ml 
2.86 g 
1.81 g 
0.22 g 
0.39 g 
0.079 g 
0.0494 g 
• Formula adapted from Barsanti and Gualtieri (2006). 
FIGURE I. A representative image of neonatal Biomphalaria glabra/a 
snails (1 .5- 2.5-mm shell diameter) after 2 wk of feeding ad libitum on the 
cyanobacteria Nos/oc sp. The ruler dimension is in mm. 
within 10-12 days and were used in these studies within 2 days of hatching. 
Three neonatal snail cultures were then prepared in 150 X 15 mm petri 
dishes each containing 100 ml of ASW, with 50 neonatal snails per culture. 
These cultures were maintained at 25 ± I C under diffuse lighting for a 
photoperiod of 12 hr per day and fed Nos/oc sp. ad libitum by transferring 
resuspended cyanobacteria culture as necessary. Neonatal snail cultures 
were changed weekly by transferring snails with a Pasteur pipette to a 
fresh petri dish with ASW; survivors were counted, and the maximum shell 
diameter was measured to the nearest 0.1 mm using a calibrated ocular 
micrometer. Once snails reached a mean shell diameter of about 2- 3 mm, 
they were transferred to standard Mason jar cultures as described by 
Schneck and Fried (2005). Briefly, cultures of 10 to 20 snails were 
maintained in aerated Mason jars containing about 800 ml of ASW under 
diffuse fluorescent lighting for a photoperiod of 12 hr per day. Snails were 
maintained on a diet of boiled romaine lettuce ad libitum, and cultures 
were changed 3 times per week. 
Neonatal snails began feeding on the cyanobacteria as soon as they were 
placed in the petri dish cultures, as confirmed by the increase in blue-green 
color in the snail intestine and brown-green color in the digestive gland-
gonad complex. This pigmentation contrasted to the transparent 
appearance of newly hatched snails. Representative images of neonatal 
B. glabrata snails after feeding on Nos/oc for 2 wk are shown in Figure I. 
After 2 wk of growth on Nos/oc sp., neonatal B. glabrata snails reached a 
size of 1.5- 2.5 mm, suggesting a growth rate of about I mm/wk. After 2 wk 
of growth on the bacteria, we observed a survival range of 60-80% across 
the 3 cultures. After reaching 2-3 mm, the snails were considered juveniles 
and were then fed a diet of boiled romaine lettuce following transfer to the 
typical Mason jar culture conditions described by Schneck and Fried 
(2005). After switching diets from the bacteria to romaine lettuce, these 
snails showed almost 100% survival, and their growth was in close 
agreement with that reported by Schneck and Fried (2005) at about I mm/ 
wk. 
Lewis et at. (1986) reported survival rates of 80- 90% for neonatals fed 
Nostoc sp. and transferred in batch using nylon mesh. The difference 
between this rate of survival and the rate observed in our study likely 
reflects the use of batch transfer, a mechanism that is arguably less 
invasive than manual transfer using a Pasteur pipette. Importantly, our 
method of growing Nos/oc sp. still allows for the batch transfer of an 
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entire culture of neonatal snails, which would likely improve the survival 
rate of neonatal snails to a rate closer to that observed by Lewis et at. 
(1986). 
Interestingly, snails in our study fed Nostoc sp. for 2 wk followed by 
lettuce for about 5-6 wk were observed to reach sexual maturity at 
approximately 7-8 mm in shell diameter as judged by the production of 
egg clutches containing viable eggs. Schneck and Fried (2005) reported 
that their B. glabra/a snails became ovigerous at 14 wk when snails had 
achieved a shell diameter of approximately 10 mm, which is later than that 
observed in our study. However, differences between our study and that of 
Schneck and Fried (2005) include the fact that the latter study maintained 
the neonatal snails on a diet of romaine lettuce in a large breeding colony, 
while we maintained our snails in isolation on a diet of Nostoc sp. The use 
of large breeding colonies often generates conditions under which algae, 
microorganisms, and detritus can accumulate and provide a reasonable 
food source for neonatal snails before they begin feeding on lettuce. Thus, 
it is possible that the use of Nostoc as a nutrient source in our study during 
the first 2 wk of growth provides an increase in the reproductive success of 
the resulting snails, as manifested by an increase in the rate of sexual 
maturation compared to that reported by Schneck and Fried (2005). 
Importantly, juvenile and adult B. glabrata snails maintained on Nos/oc 
sp. during the first 2 wk of growth show no differences compared to those 
maintained in large breeding colonies, other than the decrease in the time 
required to reach sexual maturity. 
We have found that the bacteria diet described herein is very effective 
for rearing newly hatched B. glabrata snails for up to 2 wk, at which time 
they can then be transferred to more conventional culture conditions and 
fed a typical diet of romaine lettuce. This simplified method for growing 
Nos/oc sp. for use as a food source will be useful for experiments requiring 
the growth of neonatal B. glabra/a snails in isolation, as well as for 
improving general laboratory maintenance of the B. glabrata life cycle. 
We are grateful to Dr. Fred A. Lewis, head of the Schistosomiasis 
Laboratory, Biomedical Research Institute, Rockville, Maryland, for 
supplying mature B. glabrata snails used in this work through NIH-
NIAID contract NOI-AI-55270. 
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ABSTRACT: Seroprevalence of Toxoplasma gondii infection in pigs in 10 
regions of Zhejiang Province, China, was obtained by enzyme-linked 
immunosorbent assay (ELISA). Anti-T. gondii antibodies were found in 
53.4% (434/813) of pigs. Results were analyzed by a chi-square (X2) test. 
Differences were observed according to farm size, animal age, and 
sampling regions. Seroprevalences in pigs raised on small farms (71.4%) 
were significantly higher than that (42.7%) on large farms (P < 0.05), and 
seroprevalence increased progressively with age. The seroprevalence 
ranged from 28.1 % to 66.0% in different regions, with Jiaxing having 
the lowest level (28.1%), followed by Hangzhou (36.0%) and Taizhou 
(42.0%). This is the first study on seroprevalence of T. gondii infection in 
pigs in Zhejiang Province. 
Toxoplasma gondii is one of the most common zoonotic parasites and 
can infect almost all warm-blooded animals, including humans (Dubey 
and Beattie, 1988), Humans become infected postnatally with this parasite 
by eating undercooked meat containing tissue cysts or by consuming food 
or water contaminated with oocysts (Dubey and Jones, 2008; Dubey, 
2009a; Elmore, et aI., 2010), Among food animals, pigs are considered the 
most important source of T. gondii infection in many countries, including 
China. Worldwide serological prevalences of T. gondii in pigs are 
summarized by Dubey (2009a, 2009b), and those from the People's 
Republic of China were summarized by Zou et al. (2009). 
The Zhejiang Province is an important region of intensive production 
and consumption in pigs in China. The purpose of the present study was 
to carry out a large-scale survey of T. gondii seroprevalence in pigs and to 
determine the risk factors associated with T. gondii infections in Zhejiang 
Province, 
Blood samples were collected from 813 pigs from May 2009 to April 
2010 in Zhejiang Province. Samples of pigs were collected from 89 
hoggeries in 10 regions (except Zhoushan) (Fig. 1). The data for farm size 
and the animal age were provided by the owners. Serum samples were 
stored at -20 C until assayed. 
Antibodies against T. gondii were examined by a commercial enzyme-
linked immunosorbent assay (ELISA) kit for detection ofIgG antibody to 
T. gondii (Zhuhai S,E.Z. Haitai Biological Pharmaceuticals Co., Ltd" 
Zhuhai, China) according to the manufacturer's instructions. Positive, 
critical, and negative controls were provided in the kit. In brief, the diluted 
serum sample (1:100) was added into the test well and incubated for 
30 min. After washing 3 times, a HRP-conjugate reagent was added, 
followed by the same incubation and subsequent washing as above. 
Chromogen solutions A and B were then added. After incubation, a drop 
of stop solution was added to end the reaction. The optical density (OD) 
was measured at 450 nm using a microplate reader. Positive, negative, 
blank, and cut-off controls were used in each assay. Zero adjustment was 
performed according to the blank control. The test result was positive if 
the negative control was :50.2 and positive control was >0.6. The sera 
were considered negative to T. gondii if the OD of sample was less than the 
OD of critical control times 0.9 and positive if the OD of sample was 
greater than the OD of critical control times 1.1. 
Associations between seroprevalence and risk factors, such as farm size, 
animal age, and sampling regions, were analyzed using a chi-square (X2) 
test. The differences were considered significant at P < 0.05. 
Antibodies to T. gondii were found in 53.4% (434/813) of pigs (Table I). 
Several factors, including the animal age and management, were risk 
factors (Table I). Seropositivity of pigs reared on small farms was 
significantly higher (71.4%) than those (42.7%) from large farms (P < 
0.05), and seroprevalence increased progressively with age. 
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This is the first detailed investigation on seroprevalence of T. gondii 
infection in pigs in the past decade in Zhejiang Province, China. 
Previously, seroprevalence of T. gondii infection in pigs of China varied 
from 2.3% up to 66.4% (Zou et aI., 2009; Huang et aI., 2010; Zhou et aI., 
2010), according to the province. In the present study, the overall 
seroprevalence of T. gondii infection in pigs was 53.4%. Zhejiang Province 
is a sub-tropical moist monsoon climate, with annual temperatures mostly 
ranging from 4 to 35 C, which is suitable for oocyst survival. Furthermore, 
cats are common in public places and in pig farms, which might explain 
the relatively high prevalence in pigs. 
Analysis of risk factors in the study indicated that farm size had a 
significant effect on the prevalence of T. gondii infection. Zimmerman et 
al. (1990) showed that herds with < 100 breeding pigs were more likely to 
become infected than those with> 100 breeding pigs. This may be because 
management systems are different between small and large farms. Small 
farms usually have poor feeding conditions and lack an emphasis on 
animal welfare as compared with modern farming operations; thus, pigs 
raised on small farms have more chances to be exposed to T. gondii and 
become infected. Previous studies found that the seroprevalence of T. 
gondii increased with age of animals (Dubey, 2009a, 2009b), suggesting 
that pigs are continuously exposed to the organism in the environment. 
In conclusion, this is the first detailed investigation on the seropreva-
lence of T. gondii infection in pigs in last decade in Zhejiang Province, the 
People's Republic of China. The results of this study showed that T. gondii 
infection in pigs is widespread in Zhejiang Province and that it may play 
an important role in the epidemiology of toxoplasmosis in the area. 
This work was supported by a grant from the National Special Research 
Programs for Non-Profit Trades (Agriculture) (No. 200803017), the Science 
FIGURE I. Map of Zhejiang province where samples were collected. 
The blood samples of pigs were collected from 89 hoggeries in 10 regions 
(except Zhoushan). 
TABLE 1. Risk factors associated with antibody against Toxoplasma gondii 
infection in pigs in Zhejiang Province, China. 
Risk factor 
Size 
Small farms 
Large farms 
Unknown 
Age group 
:52 mo 
3-4mo 
2:5 mo 
Unknown 
Region 
Jiaxing 
Hangzhou 
Taizhou 
Ningbo 
Shaoxing 
Lishui 
Huzhou 
Wenzhou 
Quzhou 
Jinhua 
Totals 
No. examined 
224 
157 
432 
83 
139 
157 
434 
32 
50 
50 
192 
50 
50 
50 
50 
239 
50 
813 
No. positive 
160 
67 
207 
27 
89 
109 
209 
9 
18 
21 
90 
25 
27 
28 
30 
153 
33 
434 
Prevalence (%) 
71.43 
42.68 
47.92 
32.53 
64.03 
69.43 
48.16 
28.13 
36.00 
42.00 
46.88 
50.00 
54.00 
56.00 
60.00 
64.02 
66.00 
53.38 
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and Technology Department of Zhejiang Province (No. 2009CI2069), and 
the Science and Technology Department of Zhejiang Jinhua (No. 2010-2-
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